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Abstract
A phased array antenna, used for shaping and steering the main antenna beam electronically
to chosen directions within the predefined field of view, has been the key antenna system for
satellite communications and military radars for decades. However, despite its high functional
performance, it is still a very costly and complex solution for emerging wireless consumer
applications such as high speed wireless communication and driving assistance systems due
to the number of phase shifters and their complex control circuitry. Even more challenges are
encountered with an increase in the number of channels if an antenna with high directivity is
desired, such as routing RF and IF circuits, isolation of neighboring RF channels or calibra-
tion of a whole system.
In order to eliminate the challenges stated above, a novel beam steering approach is presented
in this dissertation based on the superposition of two squinted antenna beams. The two an-
tenna beams are realized by exciting the opposite feeds of a dual-fed array antenna. A change
in the phase difference and amplitude ratio between the input signals, using only one phase
shifter and two variable gain amplifiers or only two I-Q vector modulators, steers the main
beam in different directions. Due to its similar architecture, it exhibits all the advantages that
a traveling wave antenna possesses as well, such as beam steering with the change of the
operating frequency.
Additionally, the sum and difference patterns can be obtained using this concept, allowing for
an amplitude-comparison monopulse operation with a broad peak or a deep null at the broad-
side. Using this approach, beam nulls can also be steered towards interference directions,
while keeping the shape and direction of the main beam unchanged. Another advantage is
its high robustness against phase and amplitude errors due to analog hardware components
in the RF path, which cannot be avoided in conventional phased arrays. A channel mismatch
and crosstalk between neighbor RF channels or a temperature and time dependent array cali-
bration can be minimized via this technique thanks to its unique topology, as well.
In this work, an analytic antenna model has been derived and implemented in MATLAB us-
ing closed form expressions to analyze and optimize each relevant antenna parameter. Using
this model, the development time becomes significantly shorter and the required computer
memory is almost negligible.
In order to prove the validity of the proposed novel beam steering approach, two different
millimeter-wave (mm-wave) dual-feed antenna setups have been designed and implemented.
In the first setup, commercial passive WR-10 components are used to perform the phase and
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amplitude changes manually. To demonstrate the full capability of electronic scanning, a
second setup is built by employing an I-Q vector modulator instead of the waveguide phase
shifter and the attenuator, which is controllable via input current signals. A mm-wave bare-
die transceiver MMIC which houses an integrated I-Q vector modulator in its transmitter path
has been characterized. For the transition of mm-wave signals from waveguide to planar RF
board, a low-loss and broadband waveguide to microstrip line transition has been designed
and realized.
The measurement results of both setups show a beam scanning range of 16◦ using the phase
shifter and an attenuator, well in accord with the simulation results. A monopulse antenna
system has been realized for the sum and difference patterns using each test setup. Also,
beam steering capability of the both setups has been demonstrated by changing the operating
frequency. Even though the test setups have been realized for 77 GHz, this technique is ap-
plicable at any frequency range.
Zusammenfassung
Phasengesteuerte Gruppenantennen (Phased Array Antennen), verwendet fu¨r die elektron-
ische Formung und Ausrichtung der Antennen-Abstrahlcharakteristik bzw. des Antennen-
hauptstrahls innerhalb des vorgegebenen Sichtfeldes, sind seit Jahrzehnten eine Schlu¨ssel-
technologie in der Satelliten-Kommunikation und bei milita¨rischen Radaranlagen. Doch
trotz ihrer hohen funktionalen Leistungsfa¨higkeit, sind sie immer noch eine sehr kostspielige
und komplexe Lo¨sung fu¨r neu entstehende drahtlose Anwendungen im Bereich der schnellen
Datenu¨bertragung oder der Fahrerassistenz-Systeme, bedingt durch die beno¨tigte große Zahl
von Phasenschiebern und deren komplexe Ansteuerung bei diesem Konzept. Noch mehr Her-
ausforderungen ergeben sich mit der Erho¨hung der Anzahl der Kana¨le, wenn eine Antenne
mit starken Richtwirkung erwu¨nscht wird, zum Beispiel bei der Verdrahtung von integrierte
HF und ZF-Bausteinen, bei der Isolation benachbarter HF-Kana¨le oder bei der Kalibration
der gesamten Systemanordnung.
Zur Bewa¨ltigung der oben aufgefu¨hrten Herausforderungen wird in der vorliegenden Disser-
tation ein neues Verfahren fu¨r die Formung und Ausrichtung der Antennenkeulen vorgestellt,
basierend auf der Superposition zweier gegen die Antennennormale gedrehte Antennen-
strahlen. Die beiden Antennenkeulen werden durch die gleichzeitige Anregung der Ein-
speisepunkte einer zweiseitig einspeisbaren linearen Gruppenantenne (Dual Fed Antenne)
erzeugt. Eine A¨nderung der Phasendifferenz und des Amplitudenverha¨ltnisses zwischen
den beiden Anregungssignal mit Hilfe eines Phasenschiebers und eines Versta¨rkers mit vari-
abel einstellbarer Versta¨rkung, oder stattdessen nur eines IQ-Vektor-Modulators, steuert den
Hauptstrahl in verschieden Richtungen. Aufgrund der A¨hnlichkeit des Aufbaus mit dem einer
Wanderwellenantenne (Traveling Wave Antennas), besitzt er alle Vorteile solcher Wander-
wellenantennen, wie zum Beispiel die Steuerung der Hauptkeule mit der Betriebsfrequenz.
Zusa¨tzlich la¨sst sich das Summen- und Differenz-Antennendiagramm durch die Verwendung
dieses Konzepts bestimmen, die einen amplitudenvergleichenden Monopulsbetrieb mit einem
breiten Hauptstrahl oder einer Auslo¨schung in Hauptrichtung der Antenne ermo¨glichen. Mit
diesem Verfahren ko¨nnen auch Nullstellen im Antennendiagramm in Richtungen von Sto¨rern
gelegt werden, wa¨hrend die Form und Richtung der Hauptkeule erhalten bleibt. Ein weitere
Vorteil ist die Robustheit des Verfahrens gegenu¨ber von Phasen- und Amplitudenfehlern die
von der analogen Hardware im HF-Pfad kommen, welche bei konventionellen phasenges-
teuerten Gruppenantennen nicht vermieden werden ko¨nnen. Durch das beschriebene Ver-
fahren ko¨nnen eine Kanal-Fehlanpassung und ein U¨bersprechen zwischen benachbarten HF-
Kana¨len verringert werden oder auch eine temperaturabha¨ngige und zeitabha¨ngige Kalibra-
tion vermieden werden. In der vorgelegten Arbeit wurde ein analytisches Antennenmodell
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mit geschlossenen Ausru¨cken entwickelt und in MATLAB implementiert, mit dem jeder rel-
evante Parameter der Antenne analysiert und optimiert werden kann. Mit diesem Modell
la¨sst sich die Entwicklungszeit wesentlich reduzieren und der beno¨tigte Computer-Speicher
ist nahezu vernachla¨ssigbar.
Um die Gu¨ltigkeit des neuen Steuerverfahrens des Antennendiagramms unter Beweis zu
stellen, wurden zwei verschiedene Dual-Fed Antennen fu¨r Millimeter-Wellen entworfen und
implementiert. Im ersten Aufbau werden kommerzielle passive WR-10 Hohlleiter-
Komponenten benutzt, um die Phasen- und Amplitudenverschiebungen manuell vorzunehmen.
Um die volle Leistungsfa¨higkeit der elektronischen Abtastung zu demonstrieren, wird ein
zweiter Aufbau realisiert, bei dem anstelle des Hohlleiter-Phasenschiebers- und Da¨mpfungs-
gliedes ein IQ-Vektor-Modulator benutzt wird, der durch Eingangsstromsignale kontrollier-
bar ist. Ein nicht gehauster integrierter Millimeterwellen Transceiver Chip (Transceiver
MMIC), der einen IQ-Vektor-Modulator in seinem Sendepfad beherbergt, wurde charak-
terisiert. Fu¨r die Transmission des Millimeterwellen-Signals vom Hohlleiter zur planaren
Hochfrequenz-Platine wurde ein verlustarmer und breitbandiger U¨bergang vom Hohlleiter
auf eine Mikrostreifenleitung entworfen und realisiert.
Die Messergebnisse fu¨r beide Aufbauten zeigen einen Steuerungsbereich des Hauptstrahls
u¨ber 16◦, wenn der Phasenschieber und das Da¨mpfungsglied benutzt werden, in guter U¨bere-
instimmung mit den Resultaten aus der Simulation. Ein Monopuls-Antennensystem zur
Erzeugung des Summen- und Differenz-Antennendiagramms wurde mit beiden Test-
Anordnungen realisiert. Ebenso wurde die Strahlsteuerung durch A¨nderung der Betriebsfre-
quenz mit beiden Aufbauten bewiesen. Auch wenn die Test-Systeme fu¨r 77 GHz aufgebaut
wurden, so ist diese Technik doch fu¨r jeden beliebigen Frequenzbereich anwendbar.
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Phased arrays have become the major antenna system for satellite communications and mil-
itary systems in the last decades since they allow the electronic steering of a main antenna
beam to any direction within the predefined field of view with high antenna gain and almost
negligible signal processing power [1], [2]. The beam steering is done by controlling phase
and amplitude of each antenna channel electronically in the RF / mm-wave front-end. They
can be used to realize a fixed beam to any direction or scan the beam rapidly in azimuth or
elevation eliminating the need for any mechanical steering. Spatial filtering is the other ben-
efit of phased arrays [3].
The number of commercial applications in the mm-wave frequency range have increased in
the last decade. Miniaturization of complete mm-wave system and high resolution due to
shorter wavelengths are the advantages of this frequency band, ranging from 30 GHz up to
300 GHz. Point-to-point and short range high data rate communication systems at 60 GHz
[4] and driver assistance radars at 77 GHz are the most popular examples of the mm-wave
commercial applications.
The market for driver assistance systems based on mm-wave radar sensor technology is gain-
ing momentum [5]. Radar can measure radial distance and velocity of remote objects very
precisely. The goal is to relieve the driver from the combination of monotonic tasks and split-
second decisions within complex traffic scenarios to improve safety and comfort. Fig. 1.1
shows different types of driver assistance systems [6]. Due to high number of applications,
radar manufacturers are looking for multi-mode radar solutions. Thanks to its ability for ad-
justing a field of view and a beam shape, phased arrays can be used for fulfilling different
applications using the same hardware (multi-mode antenna).
7 GHz of unlicensed bandwidth around 60 GHz enables opportunities for high data rate wire-
less communications [7]. This bandwidth can be used for very high speed WLAN connectiv-
ity for indoor applications, as shown in Fig. 1.2. Small wavelengths at this frequency range
make a complete phased array solution with relatively large number of antennas for such
applications realizable. The phased array solution enhances the flexibility of the system in
addressing multiple devices at the same time.
Despite its high functional performance compared to fixed beam antennas, phased arrays
are still a very costly and complex solution for the applications mentioned above. Even
more challenges are encountered with an increase in the number of transceiver channels if
an antenna with high directivity is desired, such as routing of RF and IF circuits, isolation of
1
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Figure 1.1.: Automotive radar applications.
Figure 1.2.: High speed wireless data communication (Courtesy of Wireless Gigabit
Alliance).
neighboring channels, and complex calibration of a whole system.
2
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1.1. Conventional phased arrays
As can be noted from its name, a ’phased array’ is a directive antenna system, which employs
multiple individual antenna sources. All antenna sources are spaced at a distance ’d’ to each
other. A phased array may be composed of a few units up to thousands of antenna elements.
Different antenna elements may be used for the phased arrays. Most favorite ones are dipoles,
open-ended waveguides, slotted waveguides and microstrip antennas. In order to control
the shape and direction of the beam of the phased array, phase shifters and variable gain
amplifiers are used. It enables a high speed electronic beam steering without any moving
parts. This is the most conventional analog beamforming technique in use [8], [9]. Fig. 1.3
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Figure 1.3.: A conventional phased array configuration.
By controlling the phase value (∆φ) of each phase shifter in each channel electronically,
the direction of the main beam (θ) can be controlled. By providing variable gain (an) in
each channel using variable gain amplifiers, sidelobe levels can be suppressed, as shown in
Fig. 1.5. Phase shifters are typically used in narrow band phased arrays whereas true-time
delay elements are used for broadband phased arrays [10]. Analog phase shifters are used for
continuous beam steering. Continuously steerable antennas are mainly preferred by adaptive
arrays. On the other hand, digital phase shifters are employed for switched beam systems to
create a number of fixed beams within the field of view.
The antenna pattern of a phased array can be obtained by the equation:
RP (θ) = AF (θ) · EF, (1.1)
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where RP refers to the total radiation pattern, θ to the beam direction, AF to the array factor,
and EF to the element factor of a single antenna element. The array factor AF for a linear










where N refers to the number of antenna channels, an to the magnitude of each signal, d to
the element spacing, and θ is the direction of main beam of the antenna and ∆φ is the phase









Figure 1.4.: A typical antenna pattern (N=8, f=77 GHz, ∆φ=0, d=0.5λ).
A normalized plot of the antenna pattern of an array with 8 elements operating in the broad-
side mode is shown in Fig. 1.4. The main beam of radiation at 0◦ can be seen, with nulls and
sidelobes for angles of incidence moving towards 90◦. The sidelobes are undesirable, as they
result in interference by unwanted objects and wasted power. The effect of increasing the
number of elements in the array is shown in Fig. 1.6. By increasing the number of elements,
the width of the main beam is decreased while the number of sidelobes and nulls as well
as the sidelobe levels increase. The field of view (FoV), half-power beamwidth (HPBW),
sidelobe levels (SLL) and grating lobes are also affected by the element spacing, d. This is
depicted in Fig. 1.7. The radiation pattern for a 4-element broadside array has been plotted
for different element spacings. It can be seen that the width of the main beam is reduced,
but the grating lobes appear within the field of view. By applying different phase shift values
to the antenna elements, the main beam can be steered in the desired direction, as shown in
Fig. 1.8.
Phased arrays can be classified into three different architectures, based on the location of the
phase shifters: RF, IF and LO phase shifting [11], [12], [13], [14], [15]. For example, in
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Figure 1.5.: Radiation patterns with different amplitude tapering methods (N=8, f=77 GHz,
∆φ=0, d=0.5λ).
Figure 1.6.: Array factors (AF) for antenna arrays withN=2,N=6,N=10 andN=14 elements
(d=0.5λ, f=77 GHz, ∆φ=0).
the RF phase shifting architecture, the signals in the various channels are phase-shifted and
combined in the RF domain. Among these phase shifting schemes, RF phase shifting is the
most common and widely used phased array system because of its ability to suppress strong
interference at the beginning of the RF path if it is used in the receiver side. Hence, sensitive
components used in the RF, LO and IF paths are insulated from strong interference signals.
RF phase shifting is usually preferred by military and satellite communication radars [16].
The combined signal is then down-converted to baseband signal using only a single mixer.




Figure 1.7.: Array factors (AF) for antenna arrays with d=0.25λ, d=0.5λ, d=0.75λ and d=λ
element spacings (N=4, f=77 GHz, ∆φ=0).
Figure 1.8.: Array factors (AF) for antenna arrays with ∆φ=-0.75pi, ∆φ=-0.25pi, ∆φ=0.25pi
and ∆φ=0.75pi phase values (N=4, f=77 GHz, d=0.5λ).
The use of a phased array increases the equivalent isotropic radiated power (EIRP). In the re-
ceiver phased array, beamforming improves the signal to noise ratio since the desired signals
are integrated coherently. Also, due to the improved directionality of the beam, interference
and multipath effects are minimized.
Until the last decade, the use of phased arrays in commercial applications was almost im-
possible due to the high cost of mm-wave phase shifters. The advent of low cost and high
6
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performance CMOS and SiGe technologies with transistor speeds higher than 100 GHz and
low-loss packaging solutions allow the realization of complex mm-wave systems for com-
mercial applications [17], [18]. The silicon technology allows the integration of multiple
channels of phase shifters and variable gain amplifiers on a single chip [11], [19]. However,
there are still some challenges that need to be overcome, as will be discussed in the next
section.
1.2. Drawbacks of conventional phased arrays
Despite the superior performance of the conventional phased arrays compared to fixed beam
antennas, there are still some drawbacks that deter their use in commercial applications. Due
to phase shifters and their control signals, phased arrays are still too costly to be implemented.
To achieve a good antenna performance, a large number of array channels, and phase shifters,
are needed. However, the increase in the number of channels brings extra problems and in-
creases the level of the design complexity. These are; the number of interconnects to the
active circuits, IF & RF routings of the multiple channels, isolation between the channels
and calibration of the whole system. Calibration takes a lot of time requiring complex soft-
ware and hardware techniques. If an amplitude tapering is also employed in a phased array,
variable-gain amplifiers must work in conjunction with the phase shifters. Amplitude and
phase errors due to these RF components cause unwanted deviations in terms of sidelobe
level, direction and beamwidth of the main beam.
RF designers are confronted with many challenging requirements during the design of a
phased array. These are: Amplitude and phase mismatches between multiple channels, effect
of packaging on an overall RF performance, connection of the array channels to the antennas,
and channel-to-channel signal coupling which deteriorates the antenna array performance.
Even a slight change (a few microns) in the length of wire bonds and RF board traces for
off-chip antennas causes an extra phase error at mm-wave frequencies. Therefore, it is very
hard to make the fabrication process for a phased array employing multiple channels stable.
In order to realize robust silicon-based single-chip antenna arrays for commercial commu-
nication and sensing applications, on-chip testing and calibration techniques are developed
that measure the deterioration of array performance and correct the amplitudes and phases
accordingly. In [20], a 16-channel silicon-based phased array is demonstrated. Even though
phase and amplitude errors can be corrected via built-in self test systems, the transitions of
the mm-wave signals to the 16 off-chip antennas around the chip and the stability of the fab-
rication process using many channels have remained unsolved.
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1.3. A novel phased array approach
Several new phased array techniques have been developed to overcome these problems, ex-
plained in the previous section. In [11], [21] and [22], multiple channels, including phase
shifters, are integrated on a single chip to reduce cost. Still, complexity and calibration prob-
lems may be cumbersome for such MMIC designs. Also, the challenging interconnect issue
between the transceiver front-end and multiple antenna elements still exists.
The work in [23] presents an electrically steerable microstrip antenna array composed of 5
elements at 5.8 GHz ISM band. In this concept, phase shifters are added among patch ele-
ments of a bi-directional series-fed array. Although a wide range beam scanning is possible
via this architecture, calibration and complexity barriers still exist due to the number of re-
quired phase shifters for large number of antenna elements (N-1 phase shifters for N radiating
elements).
The work in [24] presents a beam steering approach at 2 GHz by employing a single phase
shifter to enable a low cost and less complex phased array system. In this approach, a
grounded phase shifter is connected to the non-feeding end of a serially fed linear array,
which provides a phase shifted reflected signal back to the array. The vector sum of the inci-
dent and phase shifted reflected signals at each radiating element in the array enables beam
steering. However, in this concept, each antenna port still requires a separate variable gain
amplifier to avoid amplitude variation during phase tuning of the phase shifter.
This thesis presents a new electronic beamforming approach that requires only a single phase
shifter and two variable gain amplifiers (or attenuators) for a complete bi-directional series-
fed array, independent of the number of antenna elements, unlike a conventional phased array
requiring one phase shifter for each channel. The main beam can be steered continuously to
any direction within its maximum scan range with small variations in its gain. This approach
eliminates the circuit complexity and cost, especially for the arrays with a large number of
antenna elements. The approach is highly robust against phase and amplitude errors on the
RF path. Channel mismatch and crosstalk between neighboring RF channels are eliminated
via this technique, since only 2 channels are employed.
By using a hybrid ring coupler in a planar circuit or a magic-tee in a waveguide system,
monopulse techniques can be applied to track the direction of the target accurately using the
proposed antenna configuration [25], [26]. The information on the target direction is deter-
mined by the comparison of sum and difference antenna beams simultaneously. The angular
position of a target can be extracted from only one pulse.
Due to its similar architecture, the proposed approach exhibits all the advantages that a trav-




The presented concept can be especially useful in applications, where only a limited steering
angle range (up to ±20◦) is required. For example, it can be used for electronic adjustment
of the elevation angle of a radar sensor, where even a small misalignment in elevation can
degrade the performance of the sensor, as shown in Fig. 1.9. A steering range of less ±10◦
can be sufficient in such cases.
Figure 1.9.: Vertical misalignment of a radar sensor (Courtesy of BMW).
Another potential application for the presented concept is a beam steering in elevation for
automotive radars. The proposed antenna system can distinguish the front target car from the
bridge (or tunnel) above and cola can (or another metal object) on the ground in elevation, as
shown in Fig. 1.10.
Figure 1.10.: Beam steering in elevation to detect a bridge.
1.4. Dissertation overview




In Chapter 2, the operating principle and the topology of the new approach are presented.
The capabilities and limitations of the concept are investigated by simulating a linear patch
array by means of a full-wave simulator at the operating frequency of 77 GHz. At the end of
the chapter, its topology is compared with a conventional phased array.
Chapter 3 presents an analytical model, based on the closed form expressions, to design and
optimize the dual-fed microstrip linear arrays. After demonstrating the validity of the model
using full-wave simulations at different antenna structures, it is used to analyze the influence
of the antenna geometry and operating frequency on the far field pattern of the antenna pat-
tern.
In Chapter 4, mm-wave components, required for realization of two different antenna mea-
surement setups, are analyzed and presented. A 77 GHz MMIC transceiver that incorporates
an integrated I-Q vector modulator is characterized for use as a phase shifter and a variable
attenuator in the test setup. Next, a low-loss and broadband waveguide to microstrip line tran-
sition is designed and realized at 76-81 GHz frequency range. Finally, a mm-wave rat-race
balun is characterized to convert differential signals to single ended ones.
Chapter 5 demonstrates two different measurement test setups to verify the new concept and
reports the results of measurement and simulation results.
Chapter 6 summarizes the work and provides recommendations for a further research.
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In this chapter, a novel phased array approach is presented. In order to explain the working
principle, array theory of the proposed concept is first introduced in Section 2.1. The capa-
bilities of the new concept are analyzed in Section 2.2 by simulating a novel phased array
concept with a planar array antenna.
2.1. Array theory
As shown in Fig. 2.1, the incident wave, feeding one of the two input ports, is distributed
consecutively to each individual element, where a certain fraction of the incident power ra-
diates, while the rest continues to propagate through feed lines to the next element until the
remaining signal is terminated at the opposite port. This resembles the well known traveling
wave antenna concept [27]. Using appropriate feed line lengths among the antenna elements,
a squinted antenna beam can be generated. In this case, beam steering can only be performed
via change of operating frequency [28].










Figure 2.1.: A traveling wave antenna and resulting beam / wave front.
The proposed design employs a series-fed bi-directional array, realized using planar patch
antenna elements, as shown in Fig. 2.3.
By feeding an additional signal at the second input port simultaneously, a superposition of
two radiation patterns can be generated, as depicted in Fig. 2.2. The overall pattern can be
11
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Port 1 Port 2 Port 2Port 1
Zo Zo
(a) (b) (c)
Figure 2.2.: Working principle of the dual-fed phased array, feeding a linear array at (a) only
Port 1, (b) only Port 2, (c) Ports 1 & 2.
Port 1 Port 2
2 3 N1














Figure 2.3.: Linear array using series-fed patch antenna elements.
obtained using the following equation:
RP (θ) =
(
A1 · AF (θ) + A2 · AF (−θ) · ejφps
) · EF, (2.1)
where RP refers to the total radiation pattern, θ to the beam direction, A1 and A2 to the
amplitudes, and φ1 and φ2 to the phases of the excitation signals at the input ports. The
amplitude is normalized to A21 +A
2
2 = 1 and the phase difference is φps = φ2−φ1. φps refers
to the phase difference between the excitation signals, AF to the array factor when only port
1 or port 2 is fed, and EF to the element factor of a single antenna element. The array factor














with the antenna dimensions Lp, Wf , and the feed line length Lf between the individual
elements, as shown in Fig. 2.3. λ0 is the freespace wavelength, λg the guide wavelength of
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where S21,i is the transfer function of a single antenna element, and N the number of antenna
elements. By adjusting the S21,n coefficients, the antenna can be designed to have a desired
radiation pattern and still retain a good antenna efficiency, i.e. only little power reaches the
opposite end of the antenna.
To achieve the maximum scan range of θ=±θm without amplitude deviation, the antenna




· AF (θm) (2.4)
This allows a continuous steering of the antenna beam maximum from θ = θm with A1 =
1, A2 = 0 over θ = 0 using A1 = A2 = 0.707, φps = 180◦ to θ = −θm at A1 = 0, A2 = 1.
Larger scan ranges can be achieved if some amplitude variation is accepted.
The sum (Σ) and difference (∆) radiation patterns can be obtained if equal amplitude values
(∆A1 = ∆A2) and 180◦ / 0◦ phase difference (φps) are supplied respectively.
2.2. Dual-fed phased array demonstrator employing a
planar array
2.2.1. Planar array
Planar arrays are attractive for use in mm-wave applications due to their low cost, low profile
and simple integration with the rest of the circuits [29]. A series-fed planar array is made up
of rectangular patch elements interconnected by high impedance feed lines. These feed lines
introduce a progressive phase shift that makes a beam squint in the E-plane. If all patches
have equal width, the excitation decays exponentially along the array. The amount of radi-
ation from a patch element can be controlled by tapering the appropriate patch width. With
this method, the sidelobe levels can be suppressed. The width of the patch should be chosen
carefully in order to suppress higher order modes. By adjusting the element spacing, the
beam can be tilted away from the broadside direction. For a broadside radiation pattern, the
element spacing between subsequent patches and the length of patches should be λg/2, as
shown in Fig. 2.4. If the element spacing is less than λg/2, the beam, depicted in Fig. 2.5(b),
squints towards the source side, while a spacing larger than λg/2 results in a squint towards
the load side, as shown in Fig. 2.5(a). The direction of the main beam also depends on the
location of the port from which the signal is fed.
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Figure 2.4.: Direction of the main beam for Lf=λg/2 (Lp=λg/2).


































































Figure 2.5.: Direction of the main beam based on the feed line length (Lf ) between patches
for Lp=λg/2.
2.2.2. Simulation and Optimization
To investigate the beam steering capabilities, a microstrip linear array was designed and simu-
lated using a 0.127 mm thick RO3003 substrate (r=3) [30]. As shown in Table A.2, all patch
elements have the same size in the same array. The length of each patch element (Lp) is taken
to be slightly shorter than λg/2 at the desired operating frequency because of the fringing
effects at the edges of the radiating patches [27]. The width of each patch (Wp) determines
the coupled power. However, higher order modes appear if the width is too large. Each patch
is connected to the high impedance microstrip feed lines from both sides. For different array
configurations, only the number of patches (N ) and the length of feed lines (Lf ) are varied.
14
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Operating frequency
By changing the operating frequency of a signal, beam steering can be achieved since change
of the operating frequency has direct effect on the change of phase difference between subse-
quent elements in an array. A full-wave simulation of a linear array is carried out employing
5 patch elements (N=5) and 1.5 mm long feed lines (Lf=1.5 mm) in the array. Other param-
eters used for the simulations are listed in Table A.1 and Table A.2. Fig. 2.6 shows the beam
steering capability of the dual-fed antenna if the operating frequency is varied between 75
and 81 GHz. The scan angle stays between 5◦ and 14◦ at the frequency band of interest. At
the scan angle of 5◦, the HPBW is 18◦, whereas at the scan angle of 14◦, the HPBW is 16◦,
which is slightly narrower. If the port that supplies the signal is moved to the other port, the





























Figure 2.6.: Beam steering by change of the operating frequency from 75 to 81 GHz.
Amplitude and phase of the supply signal
Using the optimized parameters listed in Table A.2, the linear array shown in Fig. A.2 is sim-
ulated at the operating frequency of 77 GHz by choosing the lengths of the feed lines (Lf )
to be 0.85 mm and number of patch elements to be N=5. Fig. 2.7 shows the simulated beam
steering capability of this array configuration. A maximum scan range of 28◦ can be achieved
by adjusting the amplitude and the phase values of the supplied signals, which are shown in
the same figure. All side lobe levels are less than -10 dB.
15
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Table 2.1.: Optimized physical parameters of rectangular patches used for a 77-GHz linear
array (Fig. A.2)
Physical parameter Value
Length of a patch (Lp) 1.09 mm
Width of a feed line (Wf ) 0.1 mm
Width of a patch (Wp) 1.016 mm
θm‐θm
Figure 2.7.: Beam steering using a phase shifter and an attenuator (Lf=0.85 mm, N=5)
(Simulation).
Generation of the sum and difference beam
Fig. 2.8 shows the sum (Σ) and difference (∆) antenna beams of a linear array configuration
consisting of 5 microstrip patches (N ) with 1.5 mm long feed lines (Lf ). The sum pattern
can be obtained with a 180◦ phase difference of the supplied signals. This pattern has the
HPBW of 18◦ with a directivity of 12.5 dB. The first sidelobe levels are less than -22 dB. The
difference pattern is obtained via a 0◦ phase difference. The broadside null radiating beam
has a dynamic range higher than 40 dB. The main beams look to the directions of ±12◦ with
the HPBW of 15◦. The maximum directivity of the difference pattern is almost 3 dB less than
the maximum directivity of the sum pattern.
Effects of amplitude and phase errors
Amplitude and phase errors induced by the mm-wave components on the RF path lead to
increased sidelobe levels, deviation in the desired direction of the main beam and reduction
in directivity [31]. Thanks to its technique, this concept is highly robust against these errors.
Fig. 2.9 shows effects of amplitude and phase errors between both channels on an overall ra-
diation pattern. For validation, the sum pattern, shown in Fig. 2.8, is used. Fig. 2.9(b) shows
16
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A1:0.707 1:0° A2:0.707 2:0°
A1:0.707 1:0° A2:0.707 2:180°
Figure 2.8.: Sum (Σ) / difference (∆) antenna patterns which are the solid and dashed curves
respectively (Lf=1.5 mm, N=5) (Simulation).
that a phase error up to ±30◦ leads to almost no change in the beam direction and HPBW of
the main lobe. The ability of steering one or more null beams of the radiation pattern towards
some interferences without affecting the performance of the main beam is especially impor-
tant for wireless communication systems [32], [33]. By the variation of the phase difference
between the two ports, the null beams can be directed in the desired directions, as shown in
Fig. 2.9(b). Fig. 2.9(a) shows different simulated patterns including an amplitude error of up
to±1.94 dB (±20% deviation from the original value). This error causes almost no change in
the beamwidth and only a ±1◦ shift at the direction of the main beam, whereas the directions
of the sidelobes remain unchanged.
Effect of number of elements
Fig. 2.10(a) and Fig. 2.10(b) show the effect of the number of elements on the scan range by
keeping the length between patch elements Lf same. Only, Lf=0.8 mm ensures a continuous
beam scan with N=4, whereas an array employing 10 elements cannot provide a continuous
beam scan anymore (Only discrete beam scan is possible).
Table 2.2 shows a comparison of the simulation parameters for three arrays with a different
number of antenna elements N . The length of the feed lines is optimized for a maximum
continuous beam steering within the given scan range at 77 GHz. An increase in the number
of elements decreases the maximum beam scan range, whereas the HPBW becomes narrower
and the directivity increases. A maximum scan range of 32◦ is possible using a 4-element
linear array with 0.8 mm long feed lines. The increase in the number of radiating elements
leads to higher total efficiency, which is defined as the ratio of the total radiated power to the
total input power supplied to the linear array, including mismatches.
17
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(a) Amplitude errors
(b) Phase errors
Figure 2.9.: Effect of amplitude and phase errors on a sum antenna pattern (Lf=1.5 mm,
N=5) (Simulation).
Effect of feed line length
Table 2.3 shows the effect of varying the feed line lengths (Lf ) on the antenna parameters.
The rectangular microstrip patches can be represented as two radiating slots with a spacing
of Lp=λg/2. If feed line lengths between radiating patches are also chosen as half of the
guide wavelengths (Lf=λg/2=1.23 mm), then all radiating slots have the same phase value,
as shown in Fig. 2.11. Therefore, a beam is always directed to the broadside direction, in-
dependent of the amplitude and phase values of the input signals fed into the array. The
18
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(a) Continuous beam scan up to θm=±16◦ using Lf=0.8 mm and
N=4 (Simulation).

























A1:1          1:0°     A2:0         2:0°
A1:0          1:0°     A2:1         2:0°
A1:0.707  1:180° A2:0.707  2:0°
(b) Discrete beam scan up to θm= ±16◦ using Lf=0.8 mm and
N=10 (Simulation).

























A1:1          1:0°     A2:0        2:0°
A1:0          1:0°     A2:1        2:0°
A1:0.707  1:180° A2:0.707 2:0°
Figure 2.10.: Comparison of continuous and discrete beam scans employing same feed line
lengths (Lf ) and different number of antenna elements (N ).
maximum scan range increases if Lf is shorter or longer than λg/2. According to the simula-
tion results, grating lobes appear within the field of view if Lf is chosen very large. The total
efficiency is minimum if Lf=λg/2 although this leads to the highest directivity. The longer
the feed lines are, the narrower the HPBW is. There are slight changes in terms of maximum
sidelobe levels, as shown in Table 2.3.
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Table 2.2.: Change of number of patch elements (N ) at 77 GHz.
Simulated
Parameters
Number of patch elements
4 5 10
Length of feed lines (Lf ) 0.8 mm 0.85 mm 1.35 mm
Max. continuous beam scan
range
32◦ 28◦ 12◦
Max. sidelobe levels -11.6 dB -12.5 dB -11.4 dB
3-dB beamwidth (HPBW) 29◦ 22◦ 8◦




Table 2.3.: Change of length of feed lines (Lf ) at 77 GHz.
Feed line length 0.85 mm 1.23 mm 1.5 mm
Number of patch elements 5 5 5
Max. continuous beam scan
range
28◦ 0◦ 16◦
Max. sidelobe level -12.5 dB -12 dB -11.7 dB
3-dB beamwidth (HPBW) 22◦ 17.2◦ 15.5◦




































Figure 2.11.: Equivalent model of the linear patch array.
Antenna candidates for novel phased array concept
Different antennas can be used with this approach. A dual-fed linear array is the backbone of
this approach. The linear array configuration can be a patch array (Fig. 2.12) or a waveguide
slot array (Fig. 2.13). In this dissertation, an antenna setup shown in Fig. 2.12 will be used
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2.2. Dual-fed phased array demonstrator employing a planar array
for analysis and characterization. If a narrow beam is desired in E- and H-planes, a planar
























Linear Array Antenna 
(slotted waveguide)
Figure 2.13.: An example for a dual-fed slotted waveguide array antenna.
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Microstrip Linear Array 
Antenna 
Antenna
Figure 2.14.: An example for a dual-fed microstrip planar array antenna. A narrow beam can
be obtained in both azimuth and elevation.
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In this chapter, an analytical model is derived in MATLAB that is used for designing and
optimizing the dual-fed microstrip linear arrays. This model allows fast computation and
optimization without a long optimization time and huge computational memory. This model
has been optimized by assuming that the antenna structure is printed on a dielectric substrate
and operating within the desired frequency range of 75 GHz to 85 GHz.
In Chapter 3.1, the main advantages and limitations of the proposed model are provided.
Chapter 3.2 shows the development procedure and the validity of the model using numerical
simulations. Finally in Chapter 3.3, the design parameters of a microstrip linear array antenna
are investigated to analyze effects of each parameter on the overall antenna pattern for a dual-
fed linear array.
3.1. Introduction
The analysis of microstrip lines can be classified into 3 categories; quasi-static only, quasi-
static including dispersion effects and full-wave analysis [34]. In the quasi-static analysis, the
fundamental propagation mode of a microstrip line is assumed as a pure TEM mode. This
method can be used for microstrip line structures for up to a few GHz. When the dispersion
effects are included, the effective dielectric permittivity and the characteristic impedance be-
come frequency dependent. These parameters vary in a non-linear manner as the operating
frequency is increased. This analysis is useful for designs at the mm-wave frequency range.
In full-wave analysis, S-parameters are computed considering all physical effects that cannot
be explained with other methods accurately. Although the last analysis method offers the
most accurate results, it is very time-consuming during the development phase.
Since a serially fed traveling wave linear array is the starting point of the approach, it is as-
sumed that the incident power is fed to the array at one of the two feeding ports while the
other one is terminated with a matched load to suppress reflected signals. By means of this
model, the amplitude and phase progressions of mm-wave signals which are distributed and
coupled to each patch resonator are computed and used for calculating the overall radiation
pattern. In order to compute these values as accurately as possible, electrical parameters listed
in Fig. 3.1, should be correctly computed. Based on the electrical and physical parameters
of the dielectric substrate and the transmission line, these parameters are computed in the
next section using the closed-form expressions that have been derived and verified by other
authors in the literature. Afterwards, these parameters are used to compute the propagation
and distribution of the signals in a series fed array. After the verification of distribution via
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a full-wave simulator, the signals, whose amplitude and phase values can be controlled inde-
pendently, are fed to the series feed array from opposite ports. Finally, the radiation patterns
generated by these two independent signals are summed up for the overall desired radiation
pattern.
1. Amplitude and phase distribution of signals to each antenna element (Array factor)
1a. Given parameters (h, ϵr, tanδ, t)
1b. Choose width of a microstrip line (w) 





1d. Evaluation of ABCD-parameters for a single line
1e. Computation of a single patch including feed lines
i. Discontinuity model in step width
1f. Computation of a linear array
2. Summing array factors by opposite ports 
2a. Amplitude and phase control of array factors (dual-fed)
3. Radiation field of a patch element (Element factor)








parameters for a 
single line
Fixed parameters (h, 
ϵr, tanδ, t) 
Choose width of a 
microstrip line (w) 
Amplitude and phase 
distribution of signals 
to each antenna 
(Array factor)
Radiation field of a 
patch (Element 
factor)
Array factor x 
Element factor =
Overall pattern 
Computation of a 
single patch including 
feed lines





factors by opposite 
ports 
Amplitude and phase 
control of array 
factors (dual-feed)
Figure 3.1.: The design flow.
The microstrip linear array consists of rectangular patch resonators. These resonators are
connected to each other via high impedance lines to minimize the parasitic radiations (cross
polarized patterns). These high impedance lines introduce a progr ssive phase shift between
subsequent resonators that steers the main beam in different directions in the E-plane. The
thickness of the dielectric substrate was chosen to be thin enough to avoid surface wave
modes which are excited in thicker substrates. In order to improve the radiation efficiency,
the relative dielectric constant of the substrate should be as low as possible. Therefore, the
planar antenna is fabricated on a 127 um thick organic substrate with a dielectric permittivity
r=3 [30].
In this work, a method-of-moments (MoM) based electromagnetic simulator is used to show
validity of analytical model [35]. The method-of-moments technique only discretizes metal
interconnects in the simulated model because the current distribution on the metal urfaces
emerges as the core unknowns. Hence, MoM based simulators are best suited for the analysis
of planar structures in terms of computational time compared to finite element method (FEM)
or finite difference time domain (FDTD) based simulation tools.
In [36], an analytical model is presented for microstrip traveling wave array antennas. In that
work, the microstrip patches are modeled as two radiating slots separated by a low impedance
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microstrip line. Microstrip step discontinuities which contribute an additional phase shift are
not taken into account in this model. Also, the dispersion effect is neglected in this modeling.
These omissions lead to deviations in the beam direction, beam shape and sidelobe levels of
antenna characteristics. That being said, discontinuities at the junctions and dispersion effect
must be taken into account in the analytical model for a more accurate simulation.
3.2. Analytical model for a mm-wave microstrip linear
array
Fig. 3.1 shows a detailed design flow of the derived analytical model. Firstly, the electrical
parameters of a microstrip line structure are expressed in terms of electrical and physical
parameters specified by the chosen dielectric substrate and a conductor trace. The derived
parameters are the characteristic impedance (Zc), the attenuation due to conductor (αc) and
dielectric losses (αd), the guide wavelength (λg) and the propagation constant (β). After the
calculation of these parameters, an analysis of an antenna array can be carried out using the
circuit representation of the distributed elements. This can be done using an ABCD matrix,
or transfer matrix representation of line sections, shunt conductances as shown in [37]. By
using these values, the S-parameters of a straight microstrip line are evaluated. In the analyt-
ical model, a patch resonator is represented by a length of a microstrip line whose width is
equal to that of a patch. Therefore, a single patch connected with 2 feed lines is computed
by cascading the microstrip lines with different widths. However, the discontinuity due to
step in width (for example a discontinuity in width between a feed line and a patch) has to
be taken into account since it leads to extra phase shift and insertion loss. Using this method,
positions, excitation amplitudes and phases of all patch elements can be specified to compute
the array factor in a series-fed linear array. Effects of a variable gain amplifier and a phase
shifter are added to this array factor. Finally, the array factors, supplied by opposite ports, are
then added to each other and multiplied with an element factor to obtain the overall radiation
pattern.
An overall pattern is obtained via the multiplication of the array factor and the element factor,
where the element factor is the radiation field of the microstrip patch antenna in this work.
If an array is fed by both ports, the array factors due to both of the ports can be added. The
phase difference and amplitude ratio of both signals can be adjustable in these array factors.
3.2.1. Computation of electrical parameters
Computation of effective dielectric permittivity (eff ): The effective dielectric constant of
the microstrip line (eff ) is calculated using different closed-form quasi-static and dispersion
formulas in the literature. The quasi-static formulas, based on a TEM mode of propagation,
can be used at lower frequencies. However, at higher frequencies, the effective dielectric con-
stant and characteristic impedance of a microstrip line depends on frequency. If the operating
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frequency increases, the transmission line becomes more dispersive resulting in an increase
in these values due to the propagation of hybrid modes (TE and TM modes) in addition to the
fundamental quasi-TEM mode [38]. Therefore, frequency dispersion is taken into account in
the designed model. 3 different well-known dispersion models are explained here in terms of
their accuracies and applicable parameter ranges.
In the dispersion formulas, the effective dielectric constant is expressed in terms of frequency
(f ), height of the substrate (h), width of the microstrip line (w), relative dielectric permittiv-
ity (r) and effective dielectric permittivity (eff (f=0)). The quasi-static effective dielectric
constant (eff (f=0)), given in [39], is used for computing eff in the next formulas. The
quasi-static formula, derived by Hammerstad in [39], is a modified version of the equations,
derived by Wheeler [40] and Schneider [41].
According to the dispersion model by E. Yamashita [42],[43], [44] the values deviate within
1 % in a wide frequency range compared to the integral equation method used to derive the
functional approximation. This approximate dispersion formula assumes the knowledge of
the quasi-static effective dielectric constant (eff (f = 0)). According to his paper, the appli-
cable ranges of the formula are 2 < r < 16, 0.06 < w/h < 16 and 0.1GHz < f < 100
GHz, where r is the relative dielectric permittivity of the substrate, w the width of the strip,

















[0.5 + {1 + 2 log(1 + w
h
)}2] (3.2)
The microstrip dispersion formula given by Kirschning and Jansen in [45] is based on Jansen’s
numerical hybrid mode technique. This formula provides accuracy better than 0.6 % in the
range of 0.1 < w/h < 100, 1 < r < 20 and 0 < h/λ0 < 0.13, i.e. up to about 60 GHz for
25 mm substrates.
eff = r − (r − eff (f = 0)
1 + P (f)
) (3.3)
P (f) = P1P2{(0.1844 + P3P4)10fh}1.5763, (3.4)
where









P2 = 0.33622[1− exp(−0.03442r)] (3.6)
P3 = 0.0363 exp(−4.6w
h
){1− exp(−(fh/3.87)4.97)} (3.7)




3.2. Analytical model for a mm-wave microstrip linear array
The dispersion model presented by Kobayashi [46], derived by comparison to a numerical
model, has an accuracy better than 0.6 % in the range 0.1 6 w/h 6 10, 1 < r < 128 for
any h/λ0 without frequency limit. eff (f = 0) is the effective relative permittivity when the
frequency is zero.


























εr − εeff (f = 0)
(3.10)
m = m0mc (3.11)


























for w/h ≤ 0.7
1 for w/h ≥ 0.7
(3.13)
The results of the analytical model employing these three dispersion models will be compared
with the full-wave simulation results of a straight microstrip line in the next subsection. The
optimum one will be selected for use in the analytical model.
Computation of characteristic impedance (Zc): As stated in the previous section, disper-
sion also affects characteristic impedance. The characteristic impedance of a microstrip line
is expressed in terms of width of line (w), height of substrate (h), frequency (f ) and effec-
tive dielectric constant of the substrate (eff ). Since patches with different widths will be
used for amplitude tapering, the characteristic impedances of these lines should be calculated
correctly using the analytical model. Here, 3 different characteristic impedance models are
provided for the comparison. These formulas are used for comparison purpose with the full-
wave simulation results.
Wheeler in [40], formulated his synthesis and analysis equations for characteristic impedance
based on a conformal mapping’s approximation of the dielectric boundary with parallel con-
ductor strips separated by a dielectric sheet. The formulas are applicable to alumina-type
substrates (8 < r < 12) and have an estimated relative error of less than 1%.
The formulas by Schneider in [41], obtained by rational function approximation, give an ac-
curacy of ±0.25% for 0 ≤ w/h ≤ 10, which is the range of importance. The accuracy
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obtained for strips with w/h > 10 is ±1%.
Equations for the single microstrip line presented by Hammerstad in [47] are based upon an
equation for the impedance of microstrip in an homogeneous medium and an equation for
the microstrip effective dielectric constant. The obtained accuracy gives errors at least less
than those caused by physical tolerances and is better than 0.01% for w/h < 1 and 0.03% for
w/h ≤ 1000.
3.2.2. Analysis of a straight microstrip line
After evaluating the closed-form expressions for the characteristic impedanceZc and effective
dielectric permittivity eff , the transmission characteristics of microstrip lines with different
widths and lengths are compared by employing different combinations of these formulas.
In this section, these closed form expressions, which have been explained in the previous
sections, are compared with full-wave simulation results in order to use the most optimum
formulas for the next steps in the design process. The most important parameters to estimate
the correct amplitude and phase distributions in a linear array antenna depends on the trans-
mission characteristics of the structure (S21(deg) and S21(dB)). The effect of return losses
are neglected in this model since addition of each return loss at each discontinuity increases
the complexity of the model.
Since each signal conductor, having a different width and length will be treated as a two-port
network in the analytical model, a 2x2 transfer, or ABCD, matrix will be defined for each
two-port network. Fig. 3.2 shows a two-port network of a microstrip line with a length of
l and a width of w. Using the ABCD matrix of each microstrip line, two or more two-port












Figure 3.2.: A circuit model of a microstrip line.
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The complex propagation constant γ is given by
γ = α + jβ, (3.16)










eff is the effective dielectric constant, explained in Section 3.2.1. The attenuation factor, α,
is computed using formula:
α = αc + αd + αr + αs, (3.19)
where αc refers to conductor losses, αd to dielectric losses, αr to radiation losses and αs to
surface wave and higher order modes. In the designed model, since αr and αs are small,
two other sources of losses are considered: conductor loss (αc) and dielectric loss (αd). The
formulas, derived in [48], are used for the model.
After evaluating the ABCD parameters of microstrip lines, they can be easily converted to
S-parameters. The model is used for computing the amplitude and phase values of the trans-
mission coefficients in different microstrip lines by using the different formulas for the ef-
fective dielectric constants and characteristic impedances. According to the comparisons
between the model and the full-wave simulations, the combination of the impedance equa-
tion by Wheeler and the effective dielectric constant by Yamashita provides the most accurate
results. Fig. 3.3 shows amplitude and phase errors of the derived model at the different fre-
quencies using these expressions. Within the desired frequency band, the maximum phase
error is 2.7◦ and the maximum amplitude error stays within 0.144 dB/cm.
These three formulas are compared with the full-wave simulation results in the next subsec-
tion and one of them is selected for use in the analytical model.
3.2.3. Analysis of a single patch antenna including feed lines
In this section, a patch element including feed lines on both sides, shown in Fig. 3.4, is
expressed in terms of the transmission line model, which has been derived in the previous
section. The ABCD matrices of each feed line and patch element are cascaded and multiplied
with each other.
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(a) Amplitude errors


















































Figure 3.3.: Amplitude and phase errors of analytical model compared to full-wave simula-
tion using straight microstrip lines with different widths (w), as shown in Fig. 3.2.
The computation of the effective patch length is required. The resonant length of the patch is
not exactly equal to the physical length due to fringing effects. The fringing effects cause the
effective electrical length of the patch to be longer than its physical length. The two slots are
separated by an electrical distance of 180◦. However, because of the fringe effect the physical
length L becomes slightly less than λg/2. Typically, it is 0.48λ ≤ L ≤ 0.49λ [27].
30

















discontinuity 1 discontinuity 2
Figure 3.4.: A single patch antenna interconnected with feed lines.
Firstly, the model shown in Fig. 3.4 was computed without considering the discontinuity ef-
fects and compared with the full-wave simulations. The first model results were not accurate
for different patch elements having different widths. An important fact was observed from
these comparisons. The phase difference between the elements was much larger than could
be accounted for by simple line length calculations. This phase difference increased linearly
with the patch width, showing that junction discontinuities introduce an added phase shift
which is proportional to the width of the element.
Therefore, the step in conductor width needs to be included to the analytical model. Each
































The field discontinuities in step width are due to the increase in current density from the wider
to narrower conductor due to scattered electric fields at the front end of the wider conductor
[49]. The current compression generates a series inductance Ls, and the scattered fields gen-
erate a parallel capacitance, Cp. Ls can be computed using the formula given by [50]. The
equivalent circuit of Cp can be transformed into an equivalent length of transmission line (δl).
In terms of distributed elements, the discontinuity capacitance has the effect of an increase in
the wide line’s length and an equal decrease in the narrow line’s length, as shown in Fig. 3.5.
The most accurate static equations are given using functional approximations of the low fre-
quency calculations from a rigorous hybrid mode full-wave analysis [51]. For t=0 (thickness



















ZL1, εeff1 ZL2, εeff2
A B
Ls
Figure 3.5.: A microstrip step discontinuity and its equivalent circuit.
A = 0.434907
0.81eff + 0.26 · (w/h)0.8544 + 0.236
0.81eff − 0.189(w/h)0.8544 + 0.87
(3.22)




C = 1 + (0.5274/0.9236eff ) · arctan(0.084 · (w/h)1.9413/B) (3.24)
D = 1 + 0.0377 · [6− 5 exp(0.036(1− r))] + arctan(0.067 · (w/h)1.456) (3.25)
E = 1− 0.218 · exp(−7.5w/h), (3.26)
where the effective dielectric constant is given in [52] The error for 0.01 ≤ w/h ≤ 100 and
1 ≤ r ≤ 50 is less than 2.5 %.
After embedding the continuity model into the main analytical model, the model simulations
are carried out and the results are compared with full-wave simulation results. By keeping
the length of feed lines interconnected with the patch element constant, only the width of
the patch element is changed to test the accuracy of the designed model. Fig. 3.6 shows the
phase and amplitude errors of the model. The maximum phase error is within 3.88◦ and the
maximum amplitude error is within 1.22 dB/cm range.
3.2.4. Analysis of a microstrip linear array antenna
After calculating the transfer matrix of each patch element connected with both feed lines,
as discussed in the previous section, they are cascaded to each other to form multiple patch
elements. By means of the cascaded models, the phase and amplitude distributions of a
signal can be evaluated correctly. An aperture model, derived in [53], is used for calculating
the radiation field of a rectangular microstrip resonator antenna (Fig. 3.7). The far field of a
patch antenna is expressed with the following formula:
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(a) Amplitude errors
























































Figure 3.6.: Amplitude and phase errors of analytical model compared to the full-wave EM
simulation using patch elements with different patch widths (wp) connected with
feed lines, as shown in Fig. 3.4 (Lf=5 mm).











(− Exξ, η sinφ cos θ + Ey(ξ, η) cosφ cos θ)], (3.27)
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ξ = k sin θ cosφ (3.30)





a = 0.5h (3.33)
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b = 0.5Lp (3.34)
c = 0.5wp (3.35)
In these equations, E0 is the maximum amplitude of the field, h is the height of the substrate
and k is the wave number in free space. By means of Eq. 3.27, radiation patterns can be
computed for every mode of the rectangular resonator, shown in Fig. 3.7. In this thesis, only
fundamental mode TMmn (m=0, n=1) is taken into account for the analytical patterns. The
parameters, listed in Table A.1, are used for computation of radiation patterns using the ana-
lytical model.
The validity of analytical model is confirmed with an aid of a full-wave simulator, Agilent
ADS, by computing different radiation patterns. Fig. 3.8 shows analytical and full-wave
simulation results of a linear array antenna made up of 10 patch elements. This antenna is
computed at 77 GHz. The feed line length between subsequent patch elements is varied in
Fig. 3.8(a), Fig. 3.8(b) and Fig. 3.8(c).
Another linear array antenna, which is made up of 5 elements, is simulated at 77 GHz for the
verification of the analytical model in Fig. 3.9. It can be seen from this figure that the direction
of the main beam and sidelobes can be computed almost correctly. The main beamwidth is
also calculated correctly. However, the sidelobe levels are lower than simulated results. The
increase in the feed line lengths tilts the main beam to broadside.
3.2.5. Dual-fed linear array antenna
Fig. 3.10 shows an analytical model for a linear array antenna fed by both ports. A variable
gain amplifier and a phase shifter are connected to Port 1 to change the amplitude ratio and
phase difference. The overall radiation pattern is obtained by using the following equation:
RP (θ) = (A ∗ AF1 ∗ exp(−jφps) + AF2) ∗ EF, (3.36)
where RP refers to radiation pattern, A to amplitude ratio between two ports, φps to phase
value of a phase shifter, AF1 to array factor due to signal fed by port 1, AF2 to array factor
due to signal fed by port 2, EF to element factor, rectangular patch antenna in this case.


















kf,n = exp(−j2piLf,n/λg) (3.40)
xn = (n− 1)(Lp + Lf ) (3.41)















Eq. 3.42 shows the analytical approach of phase and amplitude distributions to each patch
element in a linear array antenna, as shown in Fig. 3.10. This equation is used for calculating
the radiation pattern of a signal fed by one of two ports. θ refers to the direction of the beam,
AF (θ) to the array factor, un to the radiated signal ignoring reflections at the discontinuities
of the patches, m to the number of patch elements, Lp to the length of patches, Lf to the
length of feed lines between subsequent patch elements. If only one port is used for supply-
ing the signal to the antenna, the amplifier and phase shifter will have no influence on beam
steering. However, if the signals are supplied by both ports, a beam steering can be achieved
by controlling values of U and φps.
The linear array antenna is fed by opposite ports with 0◦ and 180◦ phase differences and
same amplitude values. The analytical model is used for a linear array antenna made up of
10 patch elements. The length of feed lines (Lf ) is 1.25 mm, which is slightly larger than
λg/2 at 77 GHz. If phase difference is 0◦, a difference antenna pattern is generated, as shown
in Fig. 3.11(a). If the difference is 180◦, a sum antenna pattern is generated, as depicted in
Fig. 3.11(b). These two figures, which compare analytical model and full-wave simulation
results, validate the accuracy of the derived analytical model.
Although the directions of the minimum peaks in the patterns, shown in Fig. 3.11(b) and
Fig. 3.11(a), can be computed correctly, the levels of maximum peaks are lower than the
maximum peaks computed via a full-wave simulator. This example shows the computa-
tional accuracy of phase distribution throughout the linear array. However, the accuracy of
amplitude distribution throughout the linear array must be improved further to compute the
magnitude level of the peaks correctly.
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(a) Lf=0.8 mm (feed line length between subsequent patches).
























(b) Lf=1.25 mm (feed line length between subsequent patches).
























(c) Lf=2 mm (feed line length between subsequent patches).
























Figure 3.8.: Effect of feed line length on the radiation pattern of a linear array antenna (with
N=10). The antenna is fed by one port only.
37
3. Analytical Antenna Model
(a) Lf=0.8 mm (feed line length between subsequent patches).


























(b) Lf=0.9 mm (feed line length between subsequent patches).


























(c) Lf=1.1 mm (feed line length between subsequent patches).


























Figure 3.9.: Effect of feed line length on the radiation pattern of a linear array antenna (with
N=5). The antenna is fed by one port only.38
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Figure 3.10.: Analytical model of a linear array antenna fed by both ports.
(a) The difference antenna pattern (A1 : 0.707 φ1 : 0◦ A2 : 0.707 φ2 :
0◦).


























(b) The sum antenna pattern (A1 : 0.707 φ1 : 180◦ A2 : 0.707 φ2 : 0◦).




























Figure 3.11.: Dual-fed linear array antenna consisting up of 10 patch elements (Lf=1.25
mm).
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3.3. Investigation of design parameters
The main goal of this subsection is to investigate effects of design parameters on the overall
antenna performance. The investigated parameters are the number of patch elements and the
length of feed lines between patch elements. Even though change of the operating frequency
is not a design parameter and it is directly related with the length of feed lines, it is also
analyzed in one of the subsections.
3.3.1. Number of patch elements
In this subsection, effect of number of patch elements on the radiation pattern is analyzed by
using the derived analytical model. Linear arrays are computed using the analytical model at
77 GHz employing 1.5 mm long feed lines (Lf ), which is larger than λg/2 (Fig. 3.12). Like
in the principle of a traveling wave antenna, a linear array antenna in Fig. 3.12(a) is fed only
by one port whereas other port is terminated with a matched load to avoid the reflection of
signals. The increase in number of patch elements causes an increase in the antenna aperture
and consequently, the angle of the main beam to tilt towards the broadside of the antenna
gradually, as shown in Table 3.1(a). The beamwidth of the main beam becomes narrower and
the first sidelobe levels stay almost same.
Fig. 3.12(b) shows the radiation patterns of different arrays when the antenna is fed by both
ports with same amplitude and phase values. It is seen from this figure that directions of
dual beams are shifted towards the broadside of the antenna with an increase in number of
patch elements. The beamwidths are narrower, whereas the sidelobe levels becomes higher,
as shown in Table 3.1(b).
A main beam can also look into broadside direction if signals are fed through two ports with
same amplitudes and a 180◦ phase difference. In Fig. 3.12(c), a dual antenna beam appears
again if 10 or 15 patches are used in array. An increase in the number of patches results in an
increase in sidelobe levels (Table 3.1(c)).
In Fig. 3.13, linear arrays are computed using the analytical model and the radiation patterns
are compared with each other in terms of the number of antenna elements at 77 GHz employ-
ing a 1.25 mm long feed line length (Lf ), which is slightly larger than λg/2. Table 3.2 shows
the values of antenna parameters, computed in Fig. 3.13. It can be deduced from Table 3.2(a)
that the reduction in length of the feed line (Lf ) results in a limited beam steering. The values
for Table. 3.2(b) are almost same like in Table. 3.1(b). Only the sidelobe levels are just a few
dB higher. A distinct change is observed in Table 3.2(c). The main beam becomes narrower
and always looks at the broadside direction with an increase in the number of patches, as
depicted in Fig. 3.13(c).
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(a) Fed only by one port (A1 : 1 φ1 : 0◦ & A2 : 0 φ2 : 0◦).
Number of patch elements Beam direction (◦) Sidelobe levels (dB) HPBW (◦)
5 -9 10.2 16
10 -8 10.4 8
15 -7 10.8 6
(b) Difference pattern (A1 : 0.707 φ1 : 0◦ & A2 : 0.707 φ2 : 0◦).
Number of patch elements Beam direction (◦) Sidelobe levels (dB) HPBW (◦)
5 ±12 10.6 13
10 ±6 10.6 7
15 ±9 8.5 6
(c) Sum pattern (A1 : 0.707 φ1 : 0◦ & A2 : 0.707 φ2 : 180◦).
Number of patch elements Beam direction (◦) Sidelobe levels (dB) HPBW (◦)
5 0 21.8 19
10 ±9 8.56 6
15 ±7 8.2 4
Table 3.1.: Effect of number of patch elements on an overall pattern (Lf=1.5 mm).
(a) Fed only by one port (A1 : 1 φ1 : 0◦ & A2 : 0 φ2 : 0◦).
Number of patch elements Beam direction (◦) Sidelobe levels (dB) HPBW (◦)
5 2 12.7 17
10 1 11.3 9
15 0.5 10.2 6
(b) Difference pattern (A1 : 0.707 φ1 : 0◦ & A2 : 0.707 φ2 : 0◦).
Number of patch elements Beam direction (◦) Sidelobe levels (dB) HPBW (◦)
5 ±13 7.6 14
10 ±6 7.2 6
15 ±4 7.4 4
(c) Sum pattern (A1 : 0.707 φ1 : 0◦ & A2 : 0.707 φ2 : 180◦).
Number of patch elements Beam direction (◦) Sidelobe levels (dB) HPBW (◦)
5 0 13 17
10 0 12.6 9
15 0 11.8 5
Table 3.2.: Effect of number of patch elements on an overall pattern (Lf=1.25 mm).
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3.3.2. Length of feed lines between patches
In this subsection, the length of feed lines are varied. Fig. 3.14 shows beam patterns of a
linear array with 10 patch elements employing different lengths of feed lines. Fig. 3.14(a)
shows the change of the beam direction if the length is varied. In this case, the signal is fed
only by one of the ports. If the feed line is shorter than λg/2, the main beam is broader and
looks to a direction in the same half of the field of view. The main beam looks almost at the
broadside when the feed line length (Lf ) is almost equal to λg/2 at 77 GHz (Table 3.3(a)). If
Lf is larger than λg/2, the main beam looks at the opposite half of the field of view with a
narrower beamwidth because increase in an element spacing makes the antenna aperture of
the whole array larger.
Fig. 3.14(b) shows effect of element spacings on difference beam patterns. If the element
spacing is longer or shorter than λg/2, directions of main beams looks away from the broad-
side. This effect makes dual beams narrower, as depicted in Table 3.3(b). The same is also
valid for the sum patterns, as shown in Fig. 3.14(c). However, only line length of 1.2 mm can
create a sum pattern, whereas other lengths still generate dual-beam patterns (Table 3.3(c)).
(a) Fed only by one port (A1 : 1 φ1 : 0◦ & A2 : 0 φ2 : 0◦).
Length of feed lines (mm) Beam direction (◦) Sidelobe levels (dB) HPBW (◦)
0.8 19 11.1 11
1.2 1 10.9 9
1.6 -11 12.1 8
(b) Difference pattern (A1 : 0.707 φ1 : 0◦ & A2 : 0.707 φ2 : 0◦).
Length of feed lines (mm) Beam direction (◦) Sidelobe levels (dB) HPBW ((◦))
0.8 ±20 10 10
1.2 ±6 6.7 9
1.6 ±12 9.6 6
(c) Sum pattern (A1 : 0.707 φ1 : 0◦ & A2 : 0.707 φ2 : 180◦).
Length of feed lines (mm) Beam direction (◦) Sidelobe levels (dB) HPBW (◦)
0.8 ±17 6.3 12
1.2 0 12.5 9
1.6 ±10.5 8.2 7
Table 3.3.: Effect of feed line length on an overall pattern (N=10).
3.3.3. Operating frequency
The change of the operating frequency affects the relative phase shift between antenna ele-
ments, leading to change of beam direction. If the operating frequency increases, the guide
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wavelength will be shorter. This will result in an increase in electrical length of element spac-
ings. In this subsection, a linear array antenna with 5 patch elements is simulated which has
0.8 mm long element spacings between its patches (Lf ). Fig. 3.15(a) and Table 3.4(a) show
how the direction and beamwidth of the main beam vary if the frequency is increased from
75 to 81 GHz. The beam direction shifts from 22◦ to 3◦ with the increase in the frequency.
Sidelobe levels are slightly lower and the beamwidth becomes narrower. At difference beam
patterns, beamwidths and sidelobes of dual beams are affected by the change of frequency
(Fig. 3.15(b)). The directions of the main beams shift to the broadside direction gradually and
the beamwidth becomes narrower (Table 3.4(b)). In Fig. 3.15(c), sum patterns are shown for
different frequencies. Only at 75 GHz, the dual beam pattern exists. For the other frequen-
cies, the sum pattern can be obtained with different beamwidths, looking at the broadside
direction.
(a) Fed only by one port (A1 : 1 φ1 : 0◦ & A2 : 0 φ2 : 0◦).
Operating frequency (GHz) Beam direction (◦) Sidelobe levels (dB) HPBW (◦)
75 22 10 23
77 17 10.6 22
79 8 12.6 21
81 3 12.3 20
(b) Difference pattern (A1 : 0.707 φ1 : 0◦ & A2 : 0.707 φ2 : 0◦).
Operating frequency (GHz) Beam direction (◦) Sidelobe levels (dB) HPBW (◦)
75 ±18 6.6 21
77 ±17 14 18
79 ±16 7.5 17
81 ±15 20.2 16
(c) Sum pattern (A1 : 0.707 φ1 : 0◦ & A2 : 0.707 φ2 : 180◦).
Operating frequency (GHz) Beam direction (◦) Sidelobe levels (dB) HPBW (◦)
75 ±28 12.6 23
77 0 11.2 64
79 0 17.9 22
81 0 13.7 20
Table 3.4.: Effect of an operating frequency on an overall pattern (N=5, Lf=0.8 mm).
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(a) Fed only by one port (A1 : 1 φ1 : 0◦ A2 : 0 φ2 : 0◦).




























(b) Difference pattern (A1 : 0.707 φ1 : 0◦ A2 : 0.707 φ2 : 0◦).




























(c) Sum pattern (A1 : 0.707 φ1 : 0◦ A2 : 0.707 φ2 : 180◦).




























Figure 3.12.: Effect of the number of antenna elements on the radiation pattern of a linear
array antenna (Lf=1.5 mm).
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(a) Fed only by one port (A1 : 1 φ1 : 0◦ A2 : 0 φ2 : 0◦).


























(b) Difference pattern (A1 : 0.707 φ1 : 0◦ A2 : 0.707 φ2 : 0◦).




























(c) Sum pattern (A1 : 0.707 φ1 : 0◦ A2 : 0.707 φ2 : 180◦).




























Figure 3.13.: Effect of the number of antenna elements on the radiation pattern of a linear
array antenna (Lf=1.25 mm).
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(a) Fed only by one port (A1 : 1 φ1 : 0◦ A2 : 0 φ2 : 0◦).





























(b) Difference pattern (A1 : 0.707 φ1 : 0◦ A2 : 0.707 φ2 : 0◦).




























(c) Sum pattern (A1 : 0.707 φ1 : 0◦ A2 : 0.707 φ2 : 180◦).




























Figure 3.14.: Effect of feed line length on the radiation pattern of a linear array antenna
(N=10).
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(a) Fed only by one port (A1 : 1 φ1 : 0◦ A2 : 0 φ2 : 0◦).





























(b) Difference pattern (A1 : 0.707 φ1 : 0◦ A2 : 0.707 φ2 : 0◦).





























(c) Sum pattern (A1 : 0.707 φ1 : 0◦ A2 : 0.707 φ2 : 180◦).





























Figure 3.15.: Effect of the operating frequency on the radiation pattern of a linear array an-
tenna (N=5 and Lf=0.8 mm).
47
3. Analytical Antenna Model
48
4. Measurement Setups
In this chapter, the mm-wave components that are required for realizing a dual-fed phased
array demonstrator at 77 GHz are analyzed and presented in detail. In Section 4.1, two
different dual-fed antenna setups are shown, which will be tested in Chapter 5. In Section 4.2,
a WR-10 waveguide setup employing a magic-tee, a phase shifter and a variable attenuator
is analyzed. In Section 4.3, a 77 GHz transceiver MMIC that houses a vector I-Q modulator
in its transmitter path is characterized. Since mm-wave signals are generated by a signal
generator with a waveguide output, a waveguide to microstrip line transition is necessary to
deliver mm-wave signals to a planar linear array. Hence, a design procedure of a mm-wave
waveguide to microstrip line transition is presented in Section 4.4 by aiming at a low-loss and
broadband transition. Since the I-Q transceiver MMIC has a fully differential configuration,
a planar mm-wave balun is analyzed to convert differential to single-ended signals in Section
4.5.
4.1. Overview of measurement setups
In this section, the system architectures of two different measurement setups are demon-
strated. In both setups, the mm-wave signals are generated using a signal generator with a
waveguide WR-10 output. These signals are fed into a waveguide magic-tee and are split into
two in-phase and equal signals at the output ports [54].
The aim of these setups is to provide the exact control of amplitude ratios (A2/A1) and phase
differences (φ2-φ1) between opposite channels (for amplitude ratio 0 → 1 and for phase dif-
ference 0◦ → 180◦). 2 different types of phase shifters and attenuators are employed in both
setups. As shown in Fig. 4.1(a), the first setup uses a passive WR-10 phase shifter and atten-
uator, placed into the left waveguide channel. In the right channel, an extra WR-10 attenuator
is placed to compensate for the losses due to the asymmetrical waveguide channel setup and
errors due to discrete mm-wave components. However, the waveguide phase shifter and vari-
able attenuator must be controlled manually in such a setup causing a tedious and long job
during generation of the exact magnitude and phase control of a mm-wave signal. Therefore,
a second setup is proposed where an I-Q vector modulator replaces the discrete waveguide
phase shifter and variable attenuator. Fig. 4.1(b) shows the second setup which houses an
I-Q modulator on an RF board, placed in a transceiver SiGe-MMIC. By means of the vec-
tor modulator, amplitude and phase values of mm-wave signals can be controlled easily and
simultaneously. More details about the I-Q modulator can be found in Section 4.3. Again,
another I-Q modulator is placed in the right channel to avoid any extra unwanted insertion
loss even though only one I-Q modulator is adequate to prove the functionality of the pro-
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posed beam steering approach.
(a)









































Figure 4.1.: System architectures of two different dual-fed antenna setups: (a) Setup employ-
ing passive waveguide phase shifter and variable attenuator, (b) Setup employing
an active MMIC I-Q vector modulator.
Waveguide transitions and planar array antennas are common components used in both se-
tups. However, different RF boards have to be manufactured for each setup because the
second setup houses an extra bare-die IQ transceiver MMIC which is connected to the rest of
the RF circuit via wire bonding.
Fig. 4.2 shows the dual-fed setup employing a waveguide phase shifter and a variable atten-
uator. In Fig. 4.2(a), a mm-wave signal generator, a magic-tee, a phase shifter and 2 variable
attenuators are seen from the top. Fig. 4.2(b) shows the RF board that houses a microstrip
array antenna, feed lines and 2 waveguide transitions including waveguide flanges. Waveg-
uide H-bends, used for changing the direction of waveguides, are also seen in the same figure.
Fig. 4.3 shows the second measurement setup employing wire-bonded I-Q transceiver MMICs.
In this setup, the waveguide components are used to generate and divide incident signal into
two output signals equally (Fig. 4.3(a)). In this setup, the I-Q transceivers are inserted among
the waveguide transitions and the planar array antenna by means of mm-wave baluns, as de-
picted in Fig. 4.3(b).
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(a)
(b)
Figure 4.2.: A photograph of the dual-fed setup employing a waveguide phase shifter and






Figure 4.3.: A photograph of the dual-fed setup employing I-Q transceiver MMICs: (a)





In this section, the amplitude ratio and phase difference between the two ports are adjusted
to certain values in order to use them for proving the novel phased array approach. Fig. 4.4
shows a block diagram of the characterized waveguide setup. The setup consists of a magic-
tee, two variable attenuators and a phase shifter. The magic-tee is used for dividing the input
signal equally into two in-phase output signals [54]. The phase shifter has a micrometer drive
permitting change of phase up to 210◦ [55]. The change in phase causes almost no change
in amplitude value (maximum 0.2 dB within the frequency of interest). Variable attenuators
also have micrometer drives permitting change of attenuation value up to 35 dB [56]. In
the same way as the phase shifter, the change in amplitude also leads to change in insertion
phase. Therefore, after characterization of the waveguide setup, a look-up table is generated
for different amplitude ratios and phase differences by taking these changes into account.



















Figure 4.4.: The waveguide setup used for characterization.
Measurements are performed using a 2 port mm-wave vector network analyzer. For each
measurement, the third port is terminated with a 50Ω matched load. After optimizing mi-
crometer drives of the phase shifter and 2 variable attenuators manually, a look-up table is
generated for some specific amplitude ratios and phase differences. This means, for each
amplitude or phase ratio, values of 3 different micrometer drives are recorded. These values
will be later used for beam steering in Chapter 5.
After the generation of two different look-up tables for the amplitude ratios and phase dif-
ferences between two channels, the amplitude ratios (A2/A1 in logarithmic scale) are shown
in Fig. 4.5. These ratios, given in logarithmic scale, are almost constant throughout the fre-
quency band from 75 to 80 GHz. Fig. 4.6 shows phase differences between two output ports
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(φ2-φ1) in degrees) up to 200◦ with 20◦ steps. The phase values for each step are also constant
between 75 and 80 GHz, like in Fig. 4.5.
























Figure 4.5.: Amplitude ratios between both channels by adjusting the variable attenuators.


























Figure 4.6.: Phase differences between both channels by adjusting the phase shifter at Port 2.
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4.3. A 77-GHz SiGe MMIC I-Q vector modulator
In this section, a 77 GHz MMIC I-Q transceiver module based on a Silicon-Germanium
HBT technology is characterized. This module has been designed and used for a 77-GHz
phased-array radar transmitter in [57]. Since it consists of a fully differential active I-Q
vector modulator in its transmitter path [9], this transceiver will be used as a phase shifter
and variable attenuator for one of the measurement setups, shown in Section 4.1. Since only
the I-Q modulator is of interest, only the transmitter path of the transceiver is characterized
in this section. A detailed block diagram of this transceiver and the working principle of the
I-Q modulator are presented in Section 4.3.1. A complete characterization setup including
RF and control boards are shown in Section 4.3.2. Finally, measurement results of the I-Q
modulator are presented in Section 4.3.3.
4.3.1. Architecture
Fig. 4.7(a) shows building blocks of a fully integrated I-Q transceiver module. A mm-wave
signal is supplied to a differential LO input by an external mm-wave source. Then, the signal
is divided into two equal signals by means of an active power splitter. One of them is deliv-
ered to LO output for the daisy-chaining option. The other one is delivered to quadrature LO
generation component to distribute LO signal not only to I-Q vector modulator but also to the
IQ mixers. The I-Q vector modulator is used as a phase shifter and variable attenuator simul-
taneously. In order to deliver sufficient output power to the antenna port, a medium power
amplifier is used. This amplifier can be turned on/off via an enable control unit (EN). This
property may be used for beamforming applications by turning on/off the channel. Since
the receiver and transmitter channels use a common antenna port (monostatic antenna), a
differential rat-race coupler is used to separate transmitter and receiver signals. Since only
transmitter path is within the scope of the dissertation, the receiver path will not be covered
in this work.
Fig. 4.7(b) exhibits the chip micrograph showing locations of each individual component and
differential input/output ports. Locations of differential ports have been optimized for easy
daisy-chaining. With this option, multiple chips can be cascadable in series so that it can be
used for multi-channel beamforming applications. The total die size of the chip is 1028 um
x 1128 um. Total power consumption of the complete transceiver is 320 mW (from a single
3.3 V voltage supply). In order to track power and temperature values continuously, on-chip
temperature and power sensors are included.
Instead of using a phase shifter and variable gain amplifier separately, an I-Q vector modu-
lator is used for the measurement setup which controls both amplitude and phase values of
the signal simultaneously. An arbitrary signal can be described as a vector signal in a polar
coordinate system with its amplitude and phase parameters. This signal can also be defined
as a sum of two signals in a rectangular coordinate system with coordinates of ’I’ and ’Q’,
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Abstract—A 77-GHz phased-array radar transmitter that is
based on fully integrated, differential, cascadable transceiver
circuits is presented. The building blocks of the 77-GHz IQ
transceiver are explained in detail, along with measurement
results of the transmitter part. A demonstration of the beam-
forming capability of the presented transceiver is given using
a 4-channel phased-array radar demonstrator that incorporates
the generation of PLL stabilized 77-GHz signals.
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I. INTRODUCTION
Since the demonstration of silicon-based fully integrated
circuits for 77-GHz radar sensors with focus on automotive ap-
plications, the demand on performance and flexibility of such
sensors and thus, radar circuits, is continuously increasing.
While early systems required acquisition of range data only,
measurement of target range and direction are crucial for new
applications especially with safety background. Consequently,
circuits with beamforming capability in either receive (RX) or
transmit (TX) direction have become necessary [1], [2]. The
presented transceiver is designed for application in frequency
modulated continuous wave (FMCW) radars, as most practical
radar systems in this frequency range depend on this radar
principle.
This paper proposes a phased-array 77-GHz radar based on
a fully differential 77-GHz radar transceiver with beamforming
capability in TX (phased array) realized with an IQ modulator
[3] in the forward path of the transceiver, as well as an
IQ receive mixer that improves the performance of digital
beamforming techniques in radar systems [4]. A detailed
presentation of the receiver part of the proposed circuit is not
within the scope of this contribution, though. The transceiver
enables a flexible radar system design by implementing a
daisy-chaining option for cascading an arbitrary number of
chips in series, making it ideal for a variety of beamforming
applications. However, also data transmission can be imple-
mented with the IQ modulator in the forward path of the radar,
with possible applications in car-to-car communications.
II. CIRCUIT DESIGN
The main building blocks depicted in Fig. 1 include an
LO splitter for the daisy-chaining option, a combined LO
buffer and quadrature LO generation circuit with integrated
impedance matching facility, and the already mentioned IQ
modulator and IQ mixer. The IQ modulator is followed by a
medium power amplifier (MPA) that provides sufficient output
power for actual radar applications. The duplexing between
TX and RX signals at the single antenna port is performed by
an integrated differential rat-race coupler. The vital building
blocks for the phased-array implementation are presented in
the following section.
Fig. 1. The presented circuit provides an LO daisy-chaining capability using
an active power splitter and LO in- and outputs on opposite chip edges. An
additional circuit block (LO IQ Gen) generates the quadrature LO phases for
the IQ mixer and the IQ modulator. An MPA provides sufficient output power
to directly drive the antenna port. A rat-race coupler separates TX and RX
paths.
The transceiver module was implemented in a productive,
automotive qualified Silicon-Germanium (SiGe) HBT tech-
nology. A micrograph of the design is shown in Fig. 2. The
total power consumption of all blocks from a single 3.3V
supply is 340mW. In contrast to previous contributions [2], the
amplitude and phase control is performed directly at 77GHz.
A. Quadrature LO generation
The generation of the required quadrature LO signals
is performed on-chip, thereby guaranteeing a well-defined
alignment of the LO distribution to the IQ mixers and IQ
modulators. In order to save chip area, an active LO buffer
978-1-4244-2804-5/09/$25.00 © 2009 IEEE IMS 200973
(b) Chip microphotograph.
Figure 4.7.: An I-Q transceiver chip.
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of I and Q input signals, different desired phase and amplitude responses can be obtained.












* all units in mA
Figure 4.8.: An I-Q vector model.
II(mA) = 3.5 + Iin cos θ (4.1)
IIx(mA) = 3.5− Iin cos θ (4.2)
IQ(mA) = 3.5 + Iin sin θ (4.3)
IQx(mA) = 3.5− Iin sin θ (4.4)
Eq. 4.1 - 4.4 show the relation of input baseband signals and output mm-wave signal where I
and Ix are differential baseband input signals of the in-phase modulator, while Q and Qx are
differential baseband input signals of the quadrature-phase modulator. By supplying these 4
current signals to the vector modulator, amplitude (Iin) and phase (θ) values of the mm-wave
signal can be controlled.
4.3.2. Test setup
In Fig. 4.9, a block diagram of the test setup is shown. The aim of the test setup design
is to control amplitude and phase values of transmitter signals via the IF inputs of the I-Q
modulator. Then these values are recorded into a look-up table in order to use them for a
beamforming application. Phase and amplitude errors are corrected using the look-up table.
IF input signals of the I-Q modulator are generated via data acquisition card from National
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Instruments [60]. Since the existing DAQ card cannot generate adequate current signals,
voltage signals are converted to current signals using a control board. These current signals
are delivered to the I-Q transceiver chip, wire-bonded on the RF test board. Here, the S-
parameters are measured via on-wafer probing by a 2-port mm-wave vector network analyzer
with WR-10 waveguide ports. W-band probes by GGB Industries are used to make on-wafer
measurements. Afterwards, the measured S-parameter results (in addition to the amplitude
values of IF control signals) are saved over GPIB on a PC using LabVIEW.
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Figure 4.9.: The block diagram of the measurement system for the I-Q transceiver.
Two test boards were designed and manufactured for the characterization of the I-Q modula-
tor. These are a control board used for regulating baseband signals and an RF board housing
the I-Q modulator.
Control board: In order to control and characterize the I-Q transceiver module, a control
board has been manufactured on FR-4 (Fig. 4.10). Fig. 4.10(a) depicts the main building
blocks of the board. It is used as an interface board between RF board and DAQ card used
for generating and acquiring analog signals. It supplies the required power for the complete
circuit on the PCB and RF board that houses the I-Q transceiver MMIC. It acquires analog
signals from the M-Series NI-DAQ card (a high speed data acquisition card from National
Instruments). Since the I-Q vector modulator is controlled via 4 current IF input signals and
the existing card cannot deliver required current value, a voltage to current converter has been
designed on the control board. This converter was designed using a single op-amp and a pnp
transistor. After the generation of 4 analog signals with different phases and amplitudes at
NI-DAQ card, they are filtered by an analog low pass filter to filter out unwanted signals
that may be present in a band above the desired frequency band. Then, these filtered voltage
signals are converted into current signals via voltage to current converters. These signals are
supplied to the IF inputs of the I-Q modulator in the RF board. Fig. 4.10(b) shows the manu-
factured control board including its connectors.
RF test board: Since the I-Q transceiver is designed with differential ports and our measure-
ment equipments are equipped with single-ended ports at 77 GHz frequency range, measure-
ments had to be performed on an RF-board by converting differential signals to single-ended
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(b) Manufactured PCB.
Figure 4.10.: A control board for the I-Q transceiver.
ones via baluns on the board. Therefore, an RF test board was designed and fabricated on
a TSM-30 dielectric substrate from Taconic with a thickness of 127 um [61]. The bare-die
transceiver MMIC was bonded into a cavity with silver epoxy in the board. The RF board
consists of the wire bonded I-Q transceiver chip, bond compensation circuits, mm-wave pla-
nar rat-race baluns and coplanar probes for each port (Fig. 4.11(b)). The insertion losses due
to baluns, bond compensation circuits and wire bonds are not de-embedded from the mea-
surements. On-wafer measurements are performed on this board at the 77 GHz frequency
range, as shown in Fig. 4.11(a). The measurements are carried out with the vector network
analyzer Anritsu 37397D connected to the W-band probes.

















in the frequency band 75 to
81 GHz are plotted for different amplitude and phase states, where the control input currents
of I , Ix, Q and Qx have been swept from 0 mA to 7 mA with discrete steps. The common
mode current level for the input currents is 3.5 mA. Fig. 4.12 shows a complete setup during
on-wafer characterization. Fig. 4.13 shows the transmission characteristics for the different
phase states. As seen in Fig. 4.13(a), the I-Q transceiver provides a continuous phase shift of
0 to 360 degrees from 75 to 81 GHz, with almost consistent conversion gain (∼6.5 dB) with
respect to the phase shift and the frequency change, shown in Fig. 4.13(b). The amplitude
imbalance is within 1 dB at 77 GHz. The measured input and output reflections are less than
-8 dB at 77 GHz.
Figure 4.12.: Measurement setup for the I-Q transceiver module.
In Fig. 4.14, different amplitude states are plotted. By adjusting the control IF current signals,
conversion gain can be varied up to 20 dB, as plotted in Fig. 4.14. The phase imbalance is
within 15◦ between 75 GHz to 81 GHz.
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(a) Phase values of the I-Q modulator versus control current.

















(b) Amplitude values of the I-Q modulator versus control current.





























Figure 4.13.: Measured transmission characteristics for different phase states. The curve pa-
rameter is the phase of the current θ = arctan
(
(Q− 3.5)/(I − 3.5)), while the
absolute current Itot =
√
(I − 3.5)2 + (Q− 3.5)2 = 3.5mA.
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Figure 4.14.: Measured transmission characteristics for different amplitude states. The curve
parameter is the current in the I-channel I , the current in the Q-channel Q = 3.5
mA.
4.4. A millimeter-wave waveguide to microstrip line
transition
Based on the planned test setup for the dual-fed phased array, some mm-wave components
have waveguide inputs and outputs whereas some of them have planar inputs and outputs.
Linear array antennas and bare-die IQ transceiver MMIC have been designed and charac-
terized using microstrip line technology. However, mm-wave signals at 77 GHz range are
generated via a mm-wave signal generator which has a WR-10 waveguide output and W-
band commercial waveguide phase shifter and attenuator have WR-10 inputs and outputs.
In order to connect these components to each other at this frequency band, a waveguide to
microstrip line transition is necessary. Hence, a new millimeter-wave rectangular waveguide
to microstrip line transition is designed and presented in this section.
This section presents a compact topside waveguide to microstrip line transition design in the
76-81 GHz frequency band. The transition is fabricated on a grounded single layer substrate
using a standard PCB fabrication process. A microstrip patch antenna and a novel edge feed
technique are used for the impedance transformation. In the first step of the design, a simple
conventional WR-10 waveguide is employed (Type A). In the second step of the design, a
WR-10 waveguide with an inductive waveguide iris is employed additionally to improve the
bandwidth (Type B). The results of both steps are shown in this section.
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Figure 4.15.: 3D structures of the proposed vertical transitions (The height of each waveguide
flange is 6 mm.): (a) The simple transition without the waveguide iris (Type A),
(b) The transition with the waveguide iris (Type B).
4.4.1. Motivation
Several waveguide to microstrip line transitions have been reported in the literature. The tran-
sition based on the backshorted waveguide [62] is very broadband, but an additional short cir-
cuited waveguide is needed on the back-side of the PCB. In [63], a probe coupling is used for
a very broad bandwidth transition. However, such transitions suffer from manufacturing or
fabrication complexity. The transitions, used in [64] and [65], are based on the slot-coupling
technique. They provide broadband performances, but require multi-layer structures with ad-
ditional radiating patches within the waveguide.
In [66] and [67], gap coupled parasitic patch antennas are used for the transition of a mi-
crostrip line to a WR-10 waveguide. However, they consist of a multi-section impedance
transformer possessing numerous critical dimensions, which make the transition very sensi-
tive to fabrication errors.
In this work, two mm-wave microstrip line to perpendicular air-filled WR-10 waveguide tran-
sitions are designed, as shown in Fig. 4.15. The first configuration, shown in Fig. 4.15(a), is
based upon the ease of machining and the second one, shown in Fig. 4.15(b), is designed to
cover a broader frequency bandwidth. The cross-sectional configurations of these transitions
including waveguide flanges are shown in Fig. 4.16. Key features of the proposed designs
are the use of a grounded single layer substrate using the standard PCB fabrication process, a
new impedance matching topology, and compactness thanks to a feeding technique through
the H-plane wall of the waveguide.
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Figure 4.16.: Cross-sections of two different waveguide transitions.
4.4.2. Design Procedure
The goal of the first design is to develop the most cost effective transition. Hence mm-wave
signals, carried via a 50 Ω microstrip line, are transformed to a perpendicular air-filled WR-
10 rectangular waveguide on the same side. In order to convert the electric fields of the
quasi-TEM fundamental mode of the microstrip line to electric fields of the TE10 fundamen-
tal mode of the rectangular waveguide, a patch antenna having electric fields of the TM01
fundamental mode is used as a matching element. Fig. 4.15(a) and Fig. 4.17(a) show the first
type of the transitions including the waveguide flange and the top view of the planar circuit,
respectively. The transitions are designed using a 0.127 mm thick RO3003 substrate and a
full-wave electromagnetic simulation tool, CST Microwave Studio. The substrate has been
characterized using microstrip ring resonators and microstrip lines with various lengths. The
parameters are extracted from the measurement results. The dielectric permittivity (r) and
the loss tangent (tanδ) are taken as 3.15 and 0.01 within the frequency of interest, respec-
tively.
Detailed dimensions of the transition without the waveguide iris (Type A) are (in mm):
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Figure 4.17.: (a) Top view of the fabricated planar circuit used for the both waveguide transi-
tions, (b) Effect of the parameter woff on impedance matching of the transition
without iris (Type A).
lp=0.94, wp=1.3, wm=0.32, lg=0.11, woff=0.36, a=2.54, b=1.27. None of the values listed
above exceeds standard PCB fabrication design rules (line width and spacing > 100 um).
The dimensions of the microstrip line (wm) and the WR-10 waveguide (ww, lw) are fixed.
To avoid the use of an additional matching circuit, the 50 Ω microstrip line is fed directly
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Opt. S11 no iris
Opt. S21 no iris
Opt. S11 with iris
Opt. S21 with iris
Figure 4.18.: Simulated S-parameters of the transitions (curve with circle: S11 for ∆as1=+60
um , curve with diamond: S11 for ∆as1=-60 um , curve with square: S11 for
∆hs1=-200 um, curve with square: S11 for ∆hs1=+200 um).
at the non-radiating edge of the patch with an offset value (woff ), as shown in Fig. 4.17(a).
Since the patch antenna is surrounded with a ground plane, it acts like a coplanar patch an-
tenna. The slot between the radiating edge and ground plane (s) and feed location at the
non-radiating edge (woff ) determine both impedance matching and wider bandwidth [68].
After optimization of the length of the patch (lp) and the slot (s) for the resonant frequency at
77 GHz, woff is used to maximize the bandwidth, as depicted in Fig. 4.17(b). Changing the
width of the patch (wp) from 1.25 mm up to 1.4 mm only resulted in an impedance bandwidth
variation of 1.2 GHz, determined from 10 dB return loss. The simulated return and insertion
losses of the transition can be found in Fig. 4.18.
Fig. 4.17(a) shows a number of grounded vias placed around the patch with a spacing of 0.4
mm (lv) and a diameter of 0.25 mm (dv) to suppress parallel plate modes in the dielectric
substrate. The exact placement and diameter of the ground vias was found to be not critical
for the overall performance of the transition. The insertion loss for the transition with ground
vias spaced with 0.8 mm (lv) is 0.1 dB more within the frequency band of interest. The size of
the waveguide opening above the microstrip feed line is chosen large enough as not to disturb
the propagation of millimeter-wave signals on the microstrip line.
In the work presented in [69], a capacitive waveguide tuning step is added into the waveg-
uide for a broadband operation. However, the capacitive tuning step is sensitive to fabrication
tolerances. In our work, a novel inductive iris is placed into the waveguide to tune out the re-
actance of the characteristic impedance, as shown in Fig. 4.15(b), since the bandwidth is less
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sensitive to fabrication errors. Variation of height (∆hs1=±200 um) and width (∆as1=±60
um) of the iris against return loss of the transition is shown in Fig. 4.18.
The dimensions of the transition employing the waveguide iris (Type B) are (in mm): lp=0.9,
wp=1.25, wm=0.32, lg=0.12, woff=0.37, a=2.54, b=1.27, as1=2.1, hs1=0.75, as2=2.4, and
hs2=1.8. The dimensions of the patch (wp and lp) are varied slightly to improve the impedance
matching. Fig. 4.18 shows the simulated insertion and return losses of the optimized transi-
tion.
4.4.3. Assembly and Measurements
The two types of waveguide transition were fabricated and tested. To measure the per-
formance, a back-to-back configuration was employed. This configuration contains two
microstrip-to-waveguide transitions connected to each other using a 50 mm long 50 Ω mi-
crostrip line to avoid interactions between the transitions, as shown in Fig. 4.19(a). Fig. 4.19(b)
shows the fabricated waveguide flanges connected to the RF board and the manufactured mi-
crostrip lines with coplanar coplanar GSG probe pad structures. These metallic waveguide
flanges were fabricated using regular CNC milling. To de-embed the line loss of the 50 mm
long 50 Ω line from the back-to-back configuration, another test circuit was built consisting
of the 50 mm long line with coplanar GSG probe pads.
The test circuit consisting of the line has been measured with a vector network analyzer us-
ing W-band waveguide on-wafer probes for the frequency range from 70 GHz up to 90 GHz.
The S-parameter measurements have been corrected using a TRL calibration on the substrate.
The insertion loss of the 50 mm long microstrip line, which is measured as 1.2 dB/cm at 77
GHz, is de-embedded from the measurement results.
After performing waveguide LRL (line-reflect-line) calibration at the rectangular waveguide
ends of the back-to-back transition, measured and simulated results of the transition without
the iris are shown in Fig. 4.20. This transition has a bandwidth of 8.5 GHz (11%) for a 10 dB
return loss with an insertion loss better than 1.1 dB and a minimal insertion loss of 0.35 dB
at 77 GHz. Fig. 4.21 shows the measured and simulated results of the transition with the iris.
The return loss values are better than 10 dB in a 12 GHz (15%) bandwidth with an insertion

















Figure 4.19.: Manufactured RF board including the waveguide flanges: (a) Fabricated RF
board for back-to-back assembly, (b) Metallic waveguide flanges connected to
the RF board and microstrip lines with coplanar transitions on the same board.







































Figure 4.20.: Simulated and measured results of the transition without iris (Type A).
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Figure 4.21.: Simulated and measured results of the transition with iris (Type B).
After characterization of the transitions, the transition employing the iris within the waveg-
uide (Type B) is employed for the measurement test setups that will be explained in the next
chapter in detail.
4.5. Millimeter-wave planar balun
The dual-fed phased array demonstrator consists of 77-GHz transceiver MMICs in a fully
differential circuit configuration. Since the single-ended linear array antenna and waveg-
uide transitions are employed in this work, a balanced-to-unbalanced transformer (Balun)
is required. Hence, a balun is characterized at the 77 GHz frequency band in this section.
Fig. 4.22(a) shows the layout of this planar millimeter-wave balun based on rat-race coupler
principle. The 180◦ phase difference ports are connected to the differential lines and the sum
port acts as the output.
As seen from Fig. 4.22(a), the differential input ports are adjusted to match to wire bonds. The
other port is a single ended output. Simulation was carried out using back-to-back connected
baluns, connected to each other through their differential ports. The basic parameter of the
balun design is only the diameter of the rat-race (the line length of the ring structure). The
single-ended port has 50 Ω line impedance, and the differential ports are fed by a taper to
yield a parallel differential line with an odd-mode impedance of 100 Ω substrate.
Fig. 4.23 shows the full-wave simulation and measurement results of the back-to-back config-
uration between 70 and 85 GHz. Measured losses are in good agreement with the simulated
ones. According to these results, the insertion loss can be approximately calculated as the
half value of the insertion loss, contributed by one balun. The measured insertion loss is 0.8










Figure 4.22.: Back to back test setup for baluns connected to each other for characterization.
























Figure 4.23.: Measured and simulated insertion and return losses of connected baluns.
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In this chapter, the experimental results of a dual-fed phased array concept are presented.
Two different measurement setups were designed and built to synthesize the desired antenna
characteristics. Phase shifting and amplitude change are carried out using commercial passive
WR-10 waveguide phase shifter and variable attenuator in the first setup. In this setup, a linear
array antenna employing N=6 patch elements (with amplitude tapering and Lf=1.41 mm) is
measured. In the second setup, an I-Q vector modulator is used for the change of phase and
amplitude values in the transmitter path. In this setup, a linear array antenna employing N=5
patch elements (without amplitude tapering and Lf=1.5 mm) is measured.
5.1. Setup based on passive WR-10 attenuator and
phase shifter
5.1.1. Test configuration
Figure 5.1 shows the first antenna measurement setup employing passive commercial waveg-
uide phase shifter and variable attenuator. It is built in the anechoic chamber. Since apertures
of these two antennas are extremely small and these antennas should be placed accurately for
a correct measurement, a special measurement platform was built. Since the E- and H-planes
of the desired antenna are to be measured, the RF-board housing the dual-fed antenna is fixed
on a measurement platform. This measurement platform is situated on a turning table, which
is turned by a step motor. This step motor is controlled by a microcontroller enabling a re-
mote control of the turning table.
The dual-fed antenna is measured as a transmit antenna. Mm-wave signals are generated by
a W-band signal generator (75-110 GHz). The frequency and amplitude of mm-wave sig-
nals are remotely controlled over GPIB on a PC. However, micrometer drives of the WR-10
phase shifter and variable attenuators are adjusted manually for each antenna pattern based
on the look-up table which has already been mentioned in Section 4.2. Fig. 5.2(a) shows a
photograph of a transmit antenna placed on the measurement platform. This platform can be
turned around itself with ±180◦ by a step motor. Since the thickness of the RF-board is so
thin, it is fixed on the measurement platform made up of Polyoxymethylene (POM) via plas-
tic screws. All test and measurement devices and waveguide components are placed behind
the measurement platform through waveguide bends, as shown in Fig. 5.2(b).
An E-band (60-90 GHz) horn antenna is used as a receiver antenna. The received signals
are down-converted via an external harmonic mixer from Rohde & Schwarz and delivered to
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a spectrum analyzer to measure radiation pattern. The frequency and amplitude of received
signals are saved over GPIB on a PC. Since the minimum far field distance is defined as a





The desired antenna is designed at 77 GHz with a length of 15 mm (L). Therefore, the
distance between the receiver and transmitter antennas (D) is taken as 1 m, which satisfies
the far field conditions.
Signal 
Generator
Receive Antenna  
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Figure 5.1.: Antenna measurement setup employing waveguide phase shifter.
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(a) Front part employing planar RF board.
(b) Back part employing waveguide components.
Figure 5.2.: Measurement platform for setup based on waveguide phase shifter and attenuator.
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5.1.2. Antenna with amplitude tapering
A linear array antenna, made up of 6 patch elements, is designed and characterized. Ta-
ble A.1, Table 5.1 and Fig. A.2 show parameters of the designed array. Since the amplitude
tapering is applied to the array, the widths of the patches are different. Fig. 5.3(a) shows the
RF board housing the designed array and the designed waveguide transitions, interconnected
with each other using long 50 ohm microstrip lines. The purpose of placing waveguide tran-
sitions in the H-plane of the antenna is to avoid disturbing the E-plane radiation since a beam
steering is performed in the E-plane. The measured S-parameters are shown in Fig. 5.3(b)
using a 2-port network analyzer with waveguide ports between 70 GHz and 90 GHz.
Table 5.1.: Parameters of a dual fed array design with amplitude tapering at 77 GHz
Design parameter Value




wp (mm) 0.82, 1.07, 1,2
5.1.3. Measurement results
Figure 5.4 shows the normalized measured and simulated sum / difference patterns in the
E-plane. Measurements are carried out at the operating frequency of 77 GHz within the field
of view of ±40◦ with ±1◦ steps, whereas simulations are performed between ±90◦. The
amplitude value (A2=A1) of each feeding is taken to be the same for each pattern. If a phase
difference (∆φ=φ2-φ1) between these two feedings is adjusted to 180◦, a sum pattern in the
broadside is generated. If phase difference is 0◦, a dual-beam (difference) pattern is generated
which looks at the±10◦ directions. The sum pattern is 3 dB higher than the difference pattern
since the power of difference pattern is divided into two equal values to generate two beams.
The gain difference between the sum and difference patterns is almost 34 dB at the broadside.
This design can be used to steer null beam to the broadside direction with a dynamic range
better than 34 dB. Simulation and measurement results for both patterns agree well with each
other.
The maximum measured beam steering angle with this antenna configuration is±8◦ in the E-
plane, when amplitude ratio and phase difference are adjusted to the given values, as shown in
Fig. 5.5. Even though a continuous beam steering with very high resolution can be achieved
by using the analog phase shifter and variable attenuator, in this figure only 3 patterns with
different directions are plotted. The measured and simulated patterns are plotted in Fig. 5.5(a)
for the 0◦ direction. The HPBW of the main beam is 17◦ and the sidelobe levels are higher
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(b) Measured S-parameters of planar linear array antenna at the waveg-
uide input ports.





















Figure 5.3.: Characterization of a linear array antenna including waveguide transitions.
than 22 dB. Normalized patterns are plotted in Fig. 5.5(b) for the direction of −4◦. In this
direction, the HPBW of the main beam is 17◦ and the sidelobe levels are higher than 19 dB.
In Fig. 5.5(c), patterns are shown for the −8◦ direction. This pattern has the HPBW of 13◦
and sidelobe levels of 15 dB. The same pattern can also be obtained for 0◦ to 8◦ if the same
amplitude and phase values are applied in the opposite channel.
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Meas. A1:0.707 φ1=0° A2:0.707 φ2=0°
Meas. A1:0.707 φ1=0° A2:0.707 φ2=180°
Sim.   A1:0.707  φ1=0° A2:0.707 φ2=0°
Sim.   A1:0.707  φ1=0° A2:0.707 φ2=180°
Figure 5.4.: Sum and difference antenna patterns (A2=A1, ∆φ=φ2 − φ1).
Fig. 5.6 shows measured and simulated H-plane patterns for A1=A2 and ∆φ=180◦. As seen
from this figure, measurement and simulation results agree well with each other in the field
view of 0◦ to 90◦. However, measured pattern between −90◦ and 0◦ is much lower than the
expected pattern. The reason is the WR-10 waveguide bends used for bending signals with
180 degrees between waveguide transitions and other waveguide components in the setup.
Due to signal reflections caused by these metallic waveguide components, the result is de-
graded at one half of the field view, as expected. Measured cross-polarized pattern of this
signal is better than 30 dB.
The maximum beam steering angle is ±18◦ in the E-plane, when the mm-wave signal is sup-
plied only by one of the input ports and the operating frequency is changed from 76 to 81
GHz as shown in Fig. 5.7. The grating lobes are beginning to appear at±80◦ if the frequency
is increased. The normalized beam is steered at ±10◦ if one of two channels are turned off
and the operating frequency is 78 GHz as shown in Fig. 5.8(a). The sidelobe levels are higher
than 13 dB. Fig. 5.8(b) shows two beams directed at ±18◦. In this figure, it can be clearly
seen that grating lobes appear within the field of view. Since an increase in frequency also
causes an increase in electrical length between subsequent patches in the setup, these un-
wanted lobes also appear within the field of view.
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(a) Beam steering directed at 0◦.
(b) Beam steering directed at -4◦.
(c) Beam steering directed at -8◦.
Figure 5.5.: Beam steering using a single phase shifter and attenuator.
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Figure 5.6.: H-plane radiation pattern (A1=A2=0.707, ∆φ=180◦).

























Sim. A1:1 A2:0 f:76GHz
Sim. A1:1 A2:0 f:78GHz
Sim. A1:1 A2:0 f:80GHz
Sim. A1:1 A2:0 f:81GHz
Sim. A1:0 A2:1 f:76GHz
Sim. A1:0 A2:1 f:78GHz
Sim. A1:0 A2:1 f:80GHz
Sim. A1:0 A2:1 f:81GHz
Figure 5.7.: Beam steering in E-plane by change of operating frequency (76 GHz to 81 GHz).
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(a) Normalized E-plane radiation pattern at 78 GHz if signal is supplied























Meas. A1:0 A2:1 @78GHz
Sim.    A1:0 A2:1 @78GHz
Meas. A1:1 A2:0 @78GHz
Sim.    A1:1 A2:0 @78GHz
(b) Normalized E-plane radiation pattern at 81 GHz if signal is supplied























Meas. A1:1 A2:0  @81GHz
Sim.   A1:1 A2:0   @81GHz
Meas. A1:0 A2:1  @81GHz
Sim.   A1:0 A2:1   @81GHz
Figure 5.8.: Radiation pattern at different operating frequencies.
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5.2. Setup based on active MMIC I-Q vector modulator
5.2.1. Test configuration
Fig. 5.9 shows the second antenna setup employing the active I-Q vector modulator MMIC.
The advantage of this setup compared to the first one is that antenna measurements are fully
automated thanks to the I-Q modulators. The dual-fed antenna is characterized as a trans-
mitter antenna in the desired frequency range since the characterized I-Q vector modulator is
in a transmitter path of a transceiver MMIC. This setup is exactly same as the one shown in
Fig. 5.1 except for the control mechanism of the I-Q modulator. The I-Q vector modulator is
controlled using data acquisition cards (DAQ) to be able to supply the desired phase shift and
amplitude change in the transmitter path. LabVIEW is used as a software on a computer for
a direct control of the DAQ card.
Signal 
Generator
Receive Antenna  
(E-Band Horn Antenna) 































Transmit Antenna                
E-plane
H-plane
Figure 5.9.: Antenna measurement setup employing bare-die I-Q vector modulator.
The presented antenna concept is based on the use of a single layer printed circuit board.
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In Fig. 5.11, an RF-board is fixed on the measurement platform using some plastic screws.
This board houses a linear array antenna and I-Q transceivers which house I-Q modulators.
A linear array antenna which is made up of 5 identical patches is shown in Fig. 5.10(a).
High impedance feed lines are converted to 50 Ω lines using quarter wave transformers.
Fig. 5.10(b) shows the wire-bonded I-Q transceiver chip and planar baluns on the board. As
shown in Fig. 5.12, control boards and DAQ hardware are placed at the backside of the plat-
form. More details about control boards and DAQ hardware are given in Section 4.3.
(a) Linear array antenna without amplitude tapering.
(b) Bare die I-Q transceiver bonded on an RF board.
Figure 5.10.: Realized antenna setup.
5.2.2. Antenna without amplitude tapering
A linear array antenna, made up of 5 patch elements, is characterized using parameters
listed in Table A.1. Table 5.2 shows parameters of the designed antenna, which is plotted
in Fig. A.2. Fig. 5.13(a) shows antenna setup including waveguide transitions. Since no
amplitude tapering is applied, the patch widths in the array are identical. The waveguide
transitions are placed vertical to the E-plane not to disturb the beam steering. Fig. 5.13(b)
shows the measured S-parameters using a 2-port network analyzer between 70 GHz and 90
81






Figure 5.11.: RF board employing a linear array antenna and MMIC phase shifters on the
measurement platform.
Figure 5.12.: Control boards for I-Q modulators.
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GHz. The return losses in this figure are dominated by the return losses due to waveguide
transitions.
Table 5.2.: Parameters of a dual fed array design without amplitude tapering at 77 GHz.
Design parameter Value






The measurements are performed at the operating frequency of 77 GHz within a field of view
of ±40◦ with 1◦ steps. Fig. 5.14 shows the normalized measured and simulated sum (Σ) /
difference (∆) patterns in the E-plane. The simulations were carried out including the linear
array, bends and the transmission lines until the outputs of the MMICs, as shown in Fig. 5.11.
The antenna is fed from both sides in the measurements. If the phase difference φps between
both feeds is 180◦, the sum pattern is generated looking to the broadside. If the phase differ-
ence is 0◦, the dual-beam (difference) pattern is generated which looks to the±10◦ directions.
The sum pattern is 3 dB higher than the peaks of the difference pattern. The gain difference
between the sum and difference patterns is almost 25 dB at the broadside. The cross-polarized
radiation pattern in the E-plane is better than -25 dB at the broadside. The setup can also be
used in receive mode, using the IF outputs of the I-Q modulator as receivers. This allows
employing monopulse techniques using the sum and difference patterns.
The maximum measured beam steering angle for this antenna configuration is ±8◦ in the
E-plane, when the amplitude ratio and the phase difference are adjusted to the given values,
shown in Fig. 5.15. Normalized measurement and simulation patterns are plotted for 0◦ and
±8◦ directions. The HPBW of the main beams is 16◦ and the measured sidelobe levels are
lower than -15 dB. By setting the amplitude and phase values of the signals of both ports, the
direction of the main beam can be steered to any direction within this scan range.
Fig. 5.16 shows measured and simulated H-plane patterns for A1 = A2 and ∆φ = 180◦.
As seen from this figure, measurement and simulation results agree well with each other in
the field view of 0◦ to 90◦. However, measured pattern between −90◦ and 0◦ is much lower
than the expected pattern. The reason is the WR-10 waveguide bends used for bending sig-
nals with 180 degrees between waveguide transitions and other waveguide components in
the setup. Signal reflections due to these metallic waveguide components degrade the result
at one half of the field view, as expected. Measured cross-polarized pattern of this signal is
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(b) Measured S-parameters of setup including array antenna with 5 patch ele-
ments.
























Figure 5.13.: Characterization of the linear array antenna made up of 5 patch elements.
better than 17 dB.
The maximum beam steering angle is ±18◦ in the E-plane, when the operating frequency is
changed from 75 to 81 GHz as shown in Fig. 5.17. The grating lobes are beginning to appear
at ±80◦ if the frequency is increased. The normalized beam is steered at ±10◦ if one of two
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Meas. A1:0.707 φ1:0° A2:0.707 φ2:180°
Meas. A1:0.707 φ1:0° A2:0.707 φ2:0°
Sim.   A1:0.707 φ1:0° A2:0.707 φ2:180°
Sim.   A1:0.707 φ1:0° A2:0.707 φ2:0°
Meas. cross-pol.
Figure 5.14.: Sum and difference patterns in the E-plane (Measurement & Simulation).
Figure 5.15.: Beam steering in the E-plane (Measurement & Simulation).
channels are turned off and the operating frequency is 75 GHz as shown in Fig. 5.18(a). The
sidelobe levels are higher than 13 dB. Fig. 5.18(b) shows two beams directed at ±18◦ if the
frequency is 81 GHz. In this figure, it can be clearly seen that grating lobes appear within the
field of view. Since increase in frequency also causes increase in electrical length between
85
5. Test and Measurements



























Figure 5.16.: H-plane radiation pattern.
subsequent patches in the setup, these unwanted lobes also appear inside the field.




























Figure 5.17.: Beam steering by change of operating frequency (f=75 to 81 GHz).
Since the active wire-bonded I-Q modulators have been used, the antenna gain could not be
measured properly. However, since the received power using a 20 dB horn antenna at the
receiver side, the distance between two antennas (1 m), the free space attenuation (70.1 dB
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(a) Normalized E-plane radiation pattern at 75 GHz if signal is supplied
through only one port.
























Meas. A1:0 A2:1 @75GHz
Sim.    A1:0 A2:1 @75GHz
Meas. A1:1 A2:0 @75GHz
Sim.    A1:1 A2:0 @75GHz
(b) Normalized E-plane radiation pattern at 81 GHz if signal is supplied
through only one port.
Figure 5.18.: Radiation pattern at different frequencies.
at 77 GHz for 1 m distance), the output powers of the I-Q transceiver MMICs (2 dBm), and
the transmission line losses between the MMICs and the linear array antenna (8.1 dBm) are
known, the measured gain was calculated as 9.6 dBi using the Friis transmission equation.
Considering the uncertainty of the gain estimation, this fits well to the simulated gain of 9.9
dBi.
87
5. Test and Measurements
Based on the measurement and simulation results shown in Fig. 5.5 and Fig. 5.15, the two
different linear arrays with different antenna parameters (The first antenna hasN=6, Lf=1.41
mm and amplitude tapering, whereas the second antenna has N=5, Lf=1.5 mm and no am-
plitude tapering) enable the same maximum beam steering angle of 16◦. Although, the first
antenna is expected to have more limited beam steering than the second one due to the num-
ber of patch antennas and the shorter feed line lengths, the amplitude tapering contributes an
increase in the maximum beam steering range.
After analysis of the proposed concept, a comparison between the proposed phased array
and other dual-fed phased arrays in the literature is given in Table 5.3. The proposed array
achieves a narrower scan range compared to the designs, shown in Table 5.3. However, the
setup presented here requires just 2 phase shifters and the achieved scan range can fulfill the
applications, as explained in Chapter 1. This work shows a gain variation of just 0.2 dB in
the entire scan range. Moreover, the proposed antenna array has a much lower sidelobe level.
The proposed phased array architecture can also be used as a monopulse antenna.
Table 5.3.: Comparison between the dual-fed phased array architectures.
Parameters [23] [24] [71] This
work
Number of antenna elements 5 8 4 5
Number of phase shifters 4 2 4 2 I-Q
mod.
Number of gain amplifiers - 8 - -
Center frequency (GHz) 5.8 2 2 77
Max. sidelobe levels -10 dB -10 dB -9 dB -15 dB
HPBW N.A. N.A. 24-28◦ 16◦
Beam scan range 22◦ 25◦ 20◦ 16◦
Max. gain (dBi) 11.3 N.A. 8.7 9.6
Gain variation within scan
range
0.4 dB N.A. 1.8 dB 0.2 dB
Monopulse antenna no no no yes
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6.1. Summary and Conclusion
In this dissertation, a new dual-fed phased array has been developed, fabricated and charac-
terized at 77 GHz to enable a low-cost and less-complex electronic beam scanning solution
since only a single phase shifter and two variable gain attenuators are used for a complete
array with any number of antenna elements. Therefore, this solution can be also used for
commercial applications such as sensors and communication systems.
By changing the amplitude ratio and the phase difference of the two signals supplied through
opposite feeds, a beam can be steered to different directions. However, increasing the num-
ber of radiating elements in the array limits the maximum scan range. As shown in Table
2.2, via this concept, a microstrip array with 4 patch elements has a maximum scan range of
32◦, whereas an array with 15 patch elements enables only 12◦ scan range. Table 2.3 shows
that an array with an element spacing of λg/2 has no beam steering capability. However, the
same array with an element spacing larger or smaller than λg/2 can be used for beam steering.
Because of its topology, the new concept is highly robust against phase and amplitude errors
in the RF paths. An antenna array is simulated in Section 2.2.2 to show effects of amplitude
and phase errors on the overall pattern. Even ±30◦ phase error or ±1.94 dB amplitude error
result in almost no change in the direction and HPBW of the main beam. Since only two RF
paths exist and are located on both sides of the antenna array, channel mismatch and crosstalk
aren’t an issue.
In addition to its beam steering capability, the proposed concept enables sum and difference
patterns if two signals with the same amplitude and 0◦ / 180◦ phase differences are fed to an
array. In Chapter 5, measured and simulated sum and difference patterns are shown for both
measurement setups. A difference pattern can be used to obtain a null beam with a dynamic
range higher than 30-35 dB in the broadside direction, whereas a sum pattern looking into the
broadside direction with very low sidelobe levels can be obtained by adjusting a 180◦ phase
difference between both supplied signals. Null beams can be directed to desired directions
without affecting the direction and shape of the main beam if the phase difference of the sup-
plied signals is varied, as explained in Section 2.2.2.
In Chapter 1, conventional phased arrays were presented briefly. In this chapter, the advan-
tages of the conventional phased arrays were listed. Later on, their potential challenges were
described which avoid use of phased arrays for commercial applications. At the end of the
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chapter, a novel beam scanning approach was presented which eliminates the disadvantages
of the conventional phased arrays.
In Chapter 2, the novel phased array concept was explained in detail. In order to understand
its working principle, first the traveling wave antenna concept was introduced. Then, architec-
ture, working principle and pattern capabilities of the new concept were presented thoroughly.
In Chapter 3, an analytical antenna model was developed for the proposed concept and ver-
ified in MATLAB using closed form expressions. This model was optimized assuming that
the antenna structure is printed on a dielectric substrate (Table A.3) within the desired fre-
quency range of 75 GHz and 85 GHz. Finally, the effects of each design parameter of a linear
array on the overall pattern were investigated.
In Chapter 4, mm-wave components, required for realizing a dual-fed phased array mea-
surement setup at 77 GHz, were characterized. In Section 4.3, a 77 GHz transceiver MMIC
which houses a vector I-Q modulator in its transmitter path, was characterized. Since the I-Q
transceiver MMIC has a fully differential configuration, a planar mm-wave balun is analyzed
to convert differential signals to single-ended ones since there are no measurement devices
with differential inputs and outputs in the laboratory. Since a mm-wave signal is generated by
a signal generator with a waveguide output, a WR-10 waveguide to microstrip line transition
had to be designed to deliver mm-wave signals to a microstrip linear array. Since the aim is
to have a low cost and broadband transition, the transition was fabricated on a single layer
dielectric substrate using a standard photolithographic process. This new transition allows
the integration of multi-channel array systems with an element spacing of λ0/2 or less thanks
to the feeding technique between microstrip line and patch antenna (Microstrip line is fed
through H-plane of waveguide). The measurement results show that the transition with the
waveguide iris has a bandwidth of 12 GHz (15%) at a return loss below -10 dB and a mini-
mum insertion loss of 0.6 dB at the design frequency of 77 GHz.
After the characterization of the required mm-wave components, two different dual-fed phased
array test setups employing a linear array antenna were designed and built in Chapter 5 to
synthesize desired antenna characteristics. The phase shifting and amplitude changing were
performed using commercial passive WR-10 waveguide phase shifter and variable attenuator
in the first setup. In this setup, a linear array antenna employing 6 patch elements (including
amplitude tapering) was characterized. In the second setup, an I-Q vector modulator was used
for changing phase and amplitude values in the transmit paths. In this setup, a linear array
antenna employing 5 patch elements (without amplitude tapering) was measured. The sum
/ difference antenna patterns, beam steering by using phase shifter & attenuator and beam
steering by change of the operating frequency from 75 GHz to 81 GHz were simulated and
measured for both measurement setups. In addition, the H-plane co- and cross-polarized an-
tenna patterns are shown. The measurement results agree well with the full-wave simulation
results. These results prove the functionality of the proposed concept.
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After the analysis of the proposed concept, a comparison between a conventional phased array
and the dual-fed phased array concept is given in Table 6.1. It has been analyzed in Section
2.2.2 that the proposed concept is highly robust against phase and amplitude errors. How-
ever, since the progressive phase shift between the patch elements is controlled via element
spacing in the new approach, the maximum field of view is more limited. An increase in the
number of elements makes field of view even much narrower. Compared to the conventional
arrays where one phase shifter and one variable gain amplifier are required for each channel,
only one phase shifter and 2 variable gain amplifiers are required for the whole linear array,
independent of the number of radiating elements. Electronic beam scanning is possible by
using a phase shifter in a conventional phased array, whereas this is only possible by using
phase shifter and variable attenuator in the proposed approach. Since the number of RF ele-
ments and their control circuits increase the manufacturing complexity, the proposed concept
is very simple. Low sidelobe levels can be obtained in both approaches. At the conventional
one, this is possible by using variable gain amplifiers. At the proposed design, this is only
possible by changing widths of patch elements.





Robustness against phase and
amplitude errors
low high
Field of view large narrower
Number of RF components high low
Necessity of array calibration yes no
Beam scanning via change of
frequency
no yes
Manufacturing complexity hard easy
Monopulse antenna no yes
Low sidelobes yes yes
6.2. Future Work
The implemented setups performed well and demonstrated beam scanning capability of the
proposed concept. Some recommendations for the future work are:
• In this thesis, a microstrip linear array, as shown in Fig. 2.12, was used for characteri-
zation. However, losses due to long feed lines on both sides of the array and between
patch elements cause a degradation in the antenna efficiency. Instead, in the future
work, a linear slotted waveguide array, which is shown in Fig. 2.13, can be used in the
setup to improve the antenna efficiency of the novel concept.
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• In this work, two setups with element spacings larger than λg/2 were characterized. In
a future design, an array with element spacings smaller than λg/2 can be characterized
to show the wide beam scan range capability of the proposed concept experimentally,
up to 38 ◦.
• In the measured setups, the H-plane antenna patterns were distorted by the WR-10
waveguide bends. In a future design, a new waveguide to microstrip transition, which
transfers the signal to the back side of the board, can be employed to eliminate the
waveguide bends. Additionally, a planar array antenna, as shown in Fig. 2.14, can be
designed to obtain a sharper beam in azimuth and elevation.
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A. Appendix
In this thesis, a RO3003 laminate from Rogers Corporation is used as a dielectric substrate
[30]. This material provides proved electrical and mechanical characteristics for 77 GHz
millimeter-wave automotive electronic systems. This laminate can be processed using stan-






Figure A.1.: Physical parameters of an RF board
Table A.1.: Dimensions of a planar RF circuit on a RO3003 substrate
Physical parameter Value
Thickness of conductor (t) 0.018 mm
Thickness of ground plane (t) 0.018 mm
Thickness of substrate (h) 0.127 mm
Width of conductor (50Ω line) (w) 0.32 mm
Dielectric permittivity (r) 3
Dielectric loss (tan δ) 0.0013 @77 GHz
Electrical conductivity (σ) 4.1x107 S/m
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Port 1 Port 2
2 3 N1











Figure A.2.: Layout of the designed linear array
Table A.2.: Optimized physical parameters of rectangular patches used for a linear array
(Fig. A.2)
Physical parameter Value
Length of a patch (Lp) 1.09 mm
Width of a feed line (Wf ) 0.1 mm
Width of a patch (Wp) 1.016 mm
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(1) References: Internal T.R.'s 1430, 2224, 2854. Tests at 23°C unless otherwise noted. Typical values should not be used for specification
limits.
(2) The nominal dielectric constant of an 0.060" thick RO3003® laminate as measured by the IPC-TM-650, 2.5.5.5 will be 3.02, due to
the elimination of biasing caused by air gaps in the test fixture. For further information refer to Rogers T.R. 5242.
PROPERTY TYPICAL VALUE (1) DIRECTION UNIT CONDITION TEST METHOD
RO3003   RO3006   RO3010
Dielectric Constant εr 3.00±0.04
(2) 6.15±0.15 10.2±0.30 Z - 10GHz 23°C IPC-TM-650
2.5.5.5
Dissipation Factor 0.0013 0.0020 0.0023 Z - 10GHz 23°C IPC-TM-650
2.5.5.5
Thermal Coefficient 13 -160 -280 Z ppm/°C 10GHz 0-100°C IPC-TM-650
of εr 2.5.5.5
Dimensional Stability 0.5 0.5 0.5 X,Y mm/m COND A ASTM D257
Volume Resistivity 107 103 103 MΩ•cm COND A IPC 2.5.17.1
Surface Resistivity 107 103 103 MΩ COND A IPC 2.5.17.1
Tensile Modulus 2068 2068 2068 X,Y MPa 23°C ASTM D638
(300) (300) (300) (kpsi)
Water Absorption <0.1 <0.1 <0.1 - % D24/23 IPC-TM-650
2.6.2.1
Specific Heat 0.93 0.93 0.93 J/g/K Calculated
(0.22) (0.22) (0.22) (BTU/lb/°F)
Thermal Conductivity 0.50 0.61 0.66 - W/m/K 100°C ASTM C518
Coefficient of Thermal 17 17 17 X,Y ppm/°C -55 to 288°C ASTM D3386-94
Expansion 24 24 24 Z
Td 500 500 500 °C TGA ASTM D 3850
Color Tan Tan   Off White
Density 2.1 2.6 3.0 gm/cm3
Copper Peel Strength 3.1 2.1 2.4 N/mm After solder IPC-TM-2.4.8
(17.6) (12.2) (13.4) (lb/in) float
Flammability 94V-0 94V-0 94V-0 UL
Lead-Free Process
Compatible Yes Yes Yes
Typical Values RO3000® Series High Frequency Laminates
STANDARD THICKNESS: STANDARD PANEL SIZE:
RO3003:
12" X 18" (305 X 457mm)
24" X 18" (610 X 457mm)
24" X 36" (610 X 915mm)
RO3006/3010:
18” X 12” (457 X 305mm)
18” X 24” (457 X 610mm)
18” X 36” (457 X 915mm)
18” X 48” (457 X 1.224m)
STANDARD COPPER CLADDING:
½ oz. (17µm),  1 oz. (35µm),
 2 oz. (70µm) electrodeposited copper foil.
RO3003:                 RO3006/3010:
0.005" (0.13 mm)    0.005”(0.13 mm)
0.010" (0.25 mm)    0.010”(0.25 mm)
0.020" (0.50 mm)    0.025”(0.64 mm)
0.030" (0.75 mm)    0.050”(1.28 mm)
0.060" (1.52 mm)
Figure A.3.: Data sheet of the RO3003 dielectric substrate
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